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Preface 
 
Porous carbons have attracted great interests as electrode materials for supercapacitors, because of 
their enormous surface area, excellent electronic conductivity, good corrosion resistance, high 
temperature stability, and relatively low cost. Design of porous architectures is considered as a key for 
determining electrochemical performance. The pore size distributions, pore sizes, and pore 
connectivity strongly affect the electrochemical performance. Until now various carbon materials with 
different pore sizes ranging from micropores to macropores have been extensively studied. By 
appropriately tuning pore sizes of carbon materials, the ions with different sizes can be sufficiently 
transported throughout the electrolyte and in the meantime electrode materials can be fully utilized. 
There are lots of carbon materials produced from series of carbonization and activation process which 
possess controllable pore structures, which include activated carbon, graphite, carbon nanotube, carbon 
aerogels, templated porous carbons, etc. Templated carbon materials have been prepared by various 
approaches such as direct carbonization from carbon precursors, soft- and hard-templating methods. 
In order to enhance the electrochemical performance of the electrode materials, heteroatoms, such as 
nitrogen (N), sulfur (S), and boron (B), have been doped into porous carbons. In addition, to optimize 
the overall capacitance without destroying the stability and morphology of electrode materials, 
pseudocapacitive materials such as transition metal oxides have been introduced into the carbon 
frameworks. In this thesis, I designed new nanoarchitectured porous carbons derived from metal-
organic framework (MOFs). The MOFs are consisted of metal and organic linkers are excellent 
candidates for fabricating hybrid materials with extraordinary electrochemical performance. 
Chapter 1 introduces various types of porous carbon materials from different approaches 
which are applied in the electrochemical applications. There have been lots of efforts to develop 
appropriate porous carbons in order to meet the demands of the design of electrochemical devices. 
Besides the pore structure and surface area, the types of electrolytes also have a great influence on the 
performance of electrochemical devices as well. Moreover, highly graphitic frameworks are beneficial 
 
 
for raising the electrical conductivity. Moreover, the doping and hybridization with other pseudo-type 
transition metal oxides are advanced strategies for improving the capacitance of devices. In this chapter, 
the importance of types of electrode materials, electrolytes, the controlling of pore structure, and the 
hybrid materials is summarized. 
Chapter 2 demonstrates a synthesis of nanoporous carbons through the carbonization of 
zeolitic imidazolate frameworks (ZIFs) which are composed of tetrahedrally-coordinated transition 
metal ions connected by imidazolate linkers. Using these nanoporous carbons, I carefully discussed 
the relationship between zeolitic imidazolate framework-8 (ZIF-8) derived nanoporous carbons 
carbonizing at different temperature and the supercapacitor performance in an aqueous electrolyte. The 
various factors (e.g., surface area, nitrogen content, degree of graphitization, relative percentage of 
micropores, and elemental composition) were carefully studied in to realize the influence on the 
supercapacitor performance. From the surface area normalized capacitance performance, it was found 
that the nanoporous carbon, featuring large surface area with an optimized micropore/mesopore ratio, 
could achieve high capacitance performance. This research provides perspective insight for designing 
the optimized nanoporous carbon for electrode materials. 
Chapter 3 further investigates the relationship between pore sizes and electrochemical 
performance using a series of porous carbons synthesized through various methods including MOF-
derived carbons. Here I propose that there is a threshold of the pore size (so-called ‘critical pore size’) 
at which guest molecules can pass through and effectively navigate the porous network. The 
performances of numerous porous carbon materials were tested in a supercapacitor device in the 
electrolyte of 2M SBPBF4 SL+DMS (9:1) solution. Through careful investigation of both the specific 
surface area (SSA) and pore size distribution (PSD) of various samples, I found that the relationship 
between the pore structure and the supercapacitor performance could be concluded by defining a 
critical pore size. Upon the critical pore size, ions of the electrolytes can adequately pass through all 
the pores. This finding provides a simple and quick optimization method for the fabrication and 
development of new carbon materials for electrode materials.  
 
 
Chapter 4 introduces a new hybrid structure composed of two-dimensional (2D) NiCo2O4 
nanosheets and polyhedral-shaped nanoporous carbons prepared from ZIF-8. Porous carbon-metal 
oxide hybrid materials are advanced functional composites with great potentials for use in high energy 
density supercapacitors. It is well known that NiCo2O4 is a transition metal oxide possessing the high 
electrochemical activity of both nickel and cobalt species. Therefore, the benefits to combine NC and 
NiCo2O4 are expected to improve the energy density of supercapacitor performance. To best of my 
knowledge, there have been less reports focusing on the hybrid material using MOF-derived porous 
carbon as the cores for the creation of carbon-metal oxide composites. In this chapter, I optimized the 
surface property of nanoporous carbons to hydrophilic surface which drives 2D nanosheet-like 
NiCo2O4 to adhere the surface of 3D porous carbon. This hybrid materials can be installed in both 
symmetric and asymmetric super-capacitor devices which provides excellent energy density and power 
density. Based on this work, it is expected that transition metal oxides supported on conductive carbon 
derived from MOFs can be promising materials for next-generation electrochemical energy storage 
devices. 
 Chapter 5 further introduces a new approach based on ZIF-8. As mentioned in Chapter 2, ZIF-
8 derived carbons can achieve high electrochemical energy storage via utilizing both electric double 
layer and supercapacitive properties. I propose to design Co2+ excess bimetallic hybrid Co/Zn ZIF-8 
to fabricate a composite containing N-doped nanoporous carbon with a rich carbon nanotube (CNT) 
content on particle surfaces due to the catalytic effect of Co element. Subsequently, through the further 
oxidation at high temperature, the optimized nanoporous carbon composites containing coexisting 
micro- and mesoporous N-doped carbon, CNTs, Co nanoparticles, and Co3O4 were fabricated as the 
supercapacitor electrode. Integrating the advantages of high electrical conductivity contributed from 
Co nanoparticles, the high electrochemical conductivity of Co3O4, and nitrogen composition, the as-
prepared MOF-derived nanoarchitecture exhibited excellent electrochemical storage performance. 
This facile strategic nanoarchitecture design for MOFs offers a new path to a new family of MOF-
derived metal and metal oxide embedded NPC materials. 
 
 
Chapter 6 explores a one-step synthetic strategy of hybrid materials from bimetallic MOFs. 
A facile fabrication of bimetallic hybrid materials are expected as a good candidate for electrode 
materials. Recently, MOF-74-M (M= Mg2+, Mn2+, Ni2+, Co2+, Zn2+, etc.) has been shown as a suitable 
precursor for preparing hybrid materials, due to the possible presence of one or more metal centers. 
Therefore, the synthesis of new hybrid porous materials using bimetallic NiCo-MOF-74 as the starting 
precursor is reported in this chapter. The bimetallic NiCo-MOF-74 particles can be converted into a 
series of hybrid materials consisting sp2 carbon, metals, and metal oxides by simply changing the 
thermal condition and the calcination atmosphere. When evaluated as electrode materials for 
supercapacitors, excellent electrochemical performance of these hybrid materials were obtained, which 
may be attributed to: (i) the synergistic effect of the graphitic carbon and binary mixed metals which 
can enhance the electrical conductivity of the composites, (ii) the appropriate pore structure with the 
presence of mesopores which can facilitate easy diffusion of electrolyte, and (iii) their large surface 
area and pore volume which can provide significantly more electroactive sites. The outstanding 
electrochemical properties of these MOF-derived binary mixed metal hybrid materials indicate their 
promising potential as electrode materials for high-performance supercapacitors. 
For practical applications of supercapacitors, direct preparation of electrode on the conductive 
substrates is crucial in order to diminish the resistance between the electrode material and the current 
collector. Therefore, Chapter 7 develops a new method for fabricating ZIF-8 and ZIF-67 nanowires 
through a simple and facile chemical vapor deposition on a conductive carbon cloth. This approach 
opens up a new way for solvent-free synthetic route of MOFs. The Co3O4-loaded nanoporous carbon 
nanowire arrays were fabricated by further thermal treatment. Co3O4 is known as a faradic metal oxide 
with a high theoretical capacitance. Due to the presence of Co catalyst, ZIF-67 was successfully 
converted to highly conductive sp2 type carbon. My obtained hybrid electrodes exhibited a high areal 
capacitance with stable cycling. A simple synthesis of MOFs via the chemical vapor method offers a 
promising new platform to design conductive, ultra-high surface area carbon electrodes.  
Chapter 8 summarizes this thesis and future perspective. Through the thesis, the use of MOFs 
 
 
as precursors bring out various types of hybrid carbon materials. Additionally, the brand-new concept 
and achievement for designing the electrode materials has been proposed and concluded. This 
development is very promising and practical for synthesis other related nanomaterials from MOFs. For 
the future, more advanced nanomaterials can be focused by using the concept based on this thesis.
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Chapter 1 
The General Architecture of Carbon and Oxide-
Based Materials for Supercapacitor Application
Chapter 1 
2 
1.1 Introduction 
 The energy crisis and environmental protection are major issues worldwide. Because of the 
development of modern industries, the continuous consumption of fossil fuels and coal has not only 
contributed severe pollution to the environment but also accelerated the demands for new alternative 
energy sources. Currently, the most common renewable energy sources include solar energy, tidal 
energy, wind power energy, biomass, and hydroelectricity. However, until now renewable energy still 
cannot provide required amount of electricity as traditional fossil fuels can. In addition, weather 
condition strongly affects the supply of renewable energy. Since there are many obstacles for 
generating energy, it is important to establish an effective energy storage as it allows renewable energy 
to be collected for later use. 
 The most commonly used electrical energy storage devices are batteries and supercapacitors. 
Supercapacitors have received tremendous interest due to their extraordinary advantages, including 
good rate capabilities, high power densities, and long cycling lifetimes (>100,000 cycles), over 
batteries and fuel cells. They can store energy in two closely spaced layers of opposite charge, and 
they are commonly used in electrical vehicles, consumer electronic devices, and memory backup 
application. 
 The mechanism by which supercapacitors store energy can be categorized into two divisions: 
electrical double-layer capacitance and pseudocapacitance. Electric double-layer capacitors (EDLCs), 
which typically employ carbon-based materials, generate capacitance from charge separation at an 
electrode-electrolyte interface. During the charging process, the positive surface of EDLCs attracts the 
anions of electrolytes while the negative surface draws the cations. Thus, the capacitance is based on 
the transmission of electrolyte ions to the surfaces of porous carbon electrode materials, the electrolyte 
species, and the effective thickness of the double layer. On the other hand, pseudocapacitance is 
produced by a Faradaic charge transfer to/from species adsorbed at/in effective contact with the 
electrode surface or forming the electrode surface. This Faradaic reaction often takes place in 
electrochemically active materials such as transition metal oxides (TMOs). 
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 Currently, the major challenge for supercapacitors is their inadequate energy density. EDLCs 
commonly possess an energy density of 1-10 Wh·kg-1 and a power density of 500-10000 W·kg-1, 
depending on the electrolytes.1 Figure 1.1 shows that supercapacitors occupy a significant position in 
specific energy and specific power. Generally, the maximum energy density (E) accumulated in 
supercapacitors is proportional to the capacitance (C) and the square of applied voltage (V2), described 
by the following equation: 
E =
1
2
𝐶𝑉2 (1-1) 
while the power density (P) is given by the following formula:  
P =
𝑉2
4𝐸𝑆𝑅∙𝑚
 (1-2) 
where ESR represents the equivalent series resistance and m represents the total mass of the two 
electrodes. To achieve high energy density, the capacitance should be increased to its maximum value 
in an allowed operating potential window, which significantly depends on the species of materials. 
Another way is to enlarge the maximum voltage, which is dependent on the potential window of the 
selected electrolyte. 
 
Figure 1.1 Ragone plot of energy storage devices.2 Reproduced with permission from ref [2]. 
Copyright 2008, Nature Materials. 
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1.1.1 Electrolytes 
The types of electrolytes used in EDLCs can be categorized into three classes: (i) aqueous 
electrolytes, (ii) salts dissolved in organic solvents, and (iii) ionic liquids (ILs). Aqueous electrolytes 
are generally stable to 0.6-1.4 V in symmetric EDLCs, organic electrolytes to 2.2-3.0 V, and ILs to 
2.6-4.0 V. Typically, cell voltage is a dominant factor for both the specific energy and specific power. 
Thus, while early EDLCs were based on aqueous electrolytes, the use of organic electrolytes has been 
a trend in order to gain larger operating voltage windows, which leads to higher specific energy. 
Aqueous electrolytes such as acids and alkali solutions possess high ionic conductivity (up to ~1 
S·cm-1).1 However, they have a limited voltage range (1.23 V), depending on the electrochemical 
decomposition of water. 
Moreover, current collectors should be carefully selected according to the species of electrolytes. 
At high operating voltages and temperatures, corrosion of EDLC electrodes can be observed 
(especially for acid-based aqueous electrolytes, such as H2SO4 solutions), limiting the cycling life of 
EDLCs. Nevertheless, carbon yields superior specific capacitance in aqueous electrolytes than in most 
nonaqueous solutions owing to the high dielectric constant of aqueous systems as well as the smaller 
aqueous ion size.2-3  
In non-aqueous systems, organic and IL electrolytes enable cell operating voltage of up to 2.7 V.4 
Because of the advantages of a wide operating voltage, the specific energy of supercapacitors can be 
significantly increased according to the Equation (1-1). IL electrolytes are non-flammable, which is 
favorable for the vehicle applications. However, ILs are very expensive and exhibit relatively low ionic 
mobility at room temperature. Organic electrolytes have moderate prices, operating voltages and 
charge-discharge times relative to aqueous electrolytes and ILs. Organic electrolyte-based EDLCs 
provide a cycling life of more than 500,000 cycles.5 However, non-aqueous electrolytes have 
comparably higher electrical resistivity than aqueous electrolytes, thus resulting in a larger internal 
resistance in capacitors. In supercapacitors, several factors, including the internal electrical resistance 
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of the electrode material, the resistance at the interface of current collector and electrode material, the 
ionic diffusion resistance, and the resistance of electrolytes, are cumulatively referred to equivalent 
series resistance (ESR).6 A high ESR value restricts the specific power according to Equation (1-2). 
 Chmiola et al. found that the specific capacitance is strongly related to the average pore size of 
the porous material.7 Therefore, it is important to choose electrolyte ions of an appropriate size because 
the accessibility for a porous electrode is crucial for enhancing the capacitance performance and 
because the maximum capacitance can be achieved when the pore size matches the ion size.8-11 Endo 
et al. separately measured the relationship between capacitance and pore size distribution in aqueous 
(1 M H2SO4 solution) and non-aqueous organic (1 M LiClO4/propylene carbonate (PC)) electrolytes 
using activated carbon electrodes. They showed that with the same activated carbon samples, the 
aqueous electrolyte system gave higher capacitance than the non-aqueous system.12 Furthermore, for 
a given porous material, a small ion penetrates the pores better than a large ion.13-16 Hence, to obtain a 
superior cpacitance, the the proper matching of the electrolyte ion size with the pore size of the porous 
material is necessary. 
 
1.1.2 Electrode Materials 
 Carbon, as a most used electrode material for supercapacitors, has been fabricated from a series 
of carbonization and activation processes that possess controllable pore structures, e.g., activated 
carbon (AC), graphite, carbon nanotubes (CNTs), carbon aerogels, and templated porous carbons. 
 ACs are the most used commercial electrode materials for supercapacitors owing to their high 
degree of microporosity and low cost. ACs are usually derived from organic precursors with high 
carbon components by carbonization. For example, biomass materials such as sucrose, plants fibers, 
coffee grounds, and starch can be used as precursors.2, 17-22 Chemical activation is a common approach 
for increasing surface area and pore volume of ACs. With appropriate oxidation in CO2, water vapor, 
or KOH, the porosity can be enlarged. ACs were first utilized in an industrial application in 1913. 
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Although the industrial production of ACs has a long history, it is still difficult to achieve satisfactory 
control over their porosity.23 In fact, ACs produced by activation processes have a wide pore size 
distribution. Commercial ACs commonly have specific surface areas ranging from 700 to 2200 m2·g-
1, which offers a specific capacitance of 70-200 F·g-1 in aqueous electrolytes and 50-120 F·g-1 in 
organic electrolytes. Advanced methods of fabricating ACs offer ultrahigh surface areas. For example, 
Weng et al. prepared high-porosity carbon with a specific surface area of 2860 m2·g-1 by etching 
mesophase pitch with KOH. Because of the high abundance of micropores, this material demonstrated 
a specific capacitance of 130 F g-1 in the electrolyte 1 M H2SO4.
24 Kierzek et al. used various coal and 
pitch-derived carbonaceous materials as precursors, which were further activated by KOH at different 
mass ratios. These materials offered high specific surface areas ranging from 1900 to 3200 m2·g-1 and 
rendered very promising specific capacitance (ranging from 200 to 320 F·g-1) in 1 M H2SO4  
electrolyte .25 Rufford et al. reported ACs produced from waste coffee grounds by activation with 
ZnCl2, which allows the control of mesoporosity in carbons. These ACs had specific surface areas as 
large as 1019 cm2·g-1 and rendered specific capacitance as high as 368 F·g-1.26 Altough the surface 
area is an important parameter for the performance of supercapacitors, other factors such as pore size 
distribution, pore structure, electrical conductivity and surface functionality can also affect the 
electrochemical performance. Moderate activation processes lead to large pore volumes and high 
surface areas and change the pore size distribution, which is beneficial for electrochemical 
performance.  
 Carbon nanotubes (CNTs) are carbon allotropes with cylindrical 1D structures that were 
discovered by NEC, a company in Japan. CNTs compose of single rolled-up graphitic sheets (single-
wall CNTs). Multi-walled CNTs (MWCNTs) consist of several graphitic sheets arranged coaxially. 
Compared to other advanced carbon materials, CNTs suffer from relatively low surface area and low 
density and are hard to fabricate into thick electrodes using traditional electrode preparation 
approaches. Approaches have been developed to construct CNTs in sizeable quantities, including arc 
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discharge, laser ablation, chemical vapor deposition (CVD) and high-pressure carbon monoxide 
disproportionation (HiPCO). Niu et al. reported MWCNTs with an average diameter of ~8 nm that 
offered specific capacitances of 102 and 49 F·g-1 when operating at 100 and 1 Hz, respectively in 38 
wt.% H2SO4.
27 Ma et al. reported block-form tablets of CNTs which gave volumetric capacitance 
between 15 to 25 F·cm-3 in 38 wt.% H2SO4 electrolyte in spite of their low specific surface areas.
28 
Furthermore, a report in 2006 utilized the zipping effect of liquids to aggregate CNTs into a high-
density packed and aligned single-walled carbon nanotube (SWNT). From discharge curves of two-
electrode cells charged at 2.5 V, this dense SWNT showed a specific capacitance of 20 F·g-1, while 
provided a specific capacitance of 80 F·g-1 in a three-electrode cell configuration in Et4NBF4/PC 
electrolyte.29 
  Graphene is an allotrope of carbon consisting of all-sp2-hybridized carbons and has some 
extraordinary properties including high electrical and thermal conductivity, high surface area (up to 
2630 cm2·g-1), and great mechanical strength and chemical stability.30 As a result, graphene and 
graphene-based materials very attractive for electrochemical energy storage.31 In 2004, Geim et al. 
prepared graphene from graphite; they succeeded to prepare atomic scale of graphite. They named a 
single layer of graphite as graphene. There are now many methods to prepare graphene, including 
mechanical exfoliation, liquid phase exfoliation, CVD, and epitaxial growth on metal surfaces. An 
early study generated electrochemical supercapacitors based on graphene via thermal exfoliation of 
graphitic oxides at 1050 °C. The specific capacitance of a graphene electrode with a surface area of 
925 m2·g-1 was 100-117 F·g-1 at scan rates from 1 to 0.01 V·s-1.32 Stoller et al. reported the production 
of chemically modified graphene (CMG) by reducing graphene oxide sheets in water using hydrazine 
hydrate. With a surface area of 2630 m2·g-1, a CMG-based ultracapacitor cell provided specific 
capacitances of 135 and 99 F·g-1 in aqueous and organic electrolytes, respectively.33 Furthermore, Zhu 
et al. reported microwave-exfoliated graphite oxide (MEGO) with a specific surface area of 463 cm2·g-
1 and a high specific capacitance of 191 F·g-1.34 Moreover, the same group further reported the method 
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to exfoliate reduced graphite oxide by dispersing it in PC followed by thermal reduction at 150 °C. 
Then, a two-cell ultracapacitor was installed by the reduced graphene oxide/PC slurry with the addition 
of tetraethylammonium tetrafluoroborate (TEA BF4) and provided a specific capacitance value of 
approximately 120 F·g-1.35 There has been much progress in the field of graphene electrochemical 
energy storage and conversion devices. However, more work is still needed to determine how to 
maximize their electrochemical performance. 
 
1.2 The Synthesis for Controlling Pore Size  
The porous structure of carbon materials is considered as a dominant factor which controls their 
controlling electrochemical performance. The pore size distribution, architecture of pores, and 
connectivity can affect the transportation of ions within the electrolytes and electrode materials. As a 
result and to target the different demands of applications, carbon materials with various pore sizes have 
been widely studied. The appropriate tuning of the pore sizes of carbon materials can result in the 
sufficient transport of ions of different sizes throughout the electrolyte, thus allowing electrode 
materials to be fully utilized. Although many approaches for synthesizing porous carbon materials 
have been developed, it is still very difficult to control the uniformity of pores in porous carbon 
materials. Therefore, templated carbon materials have been commenced because of their narrow pore 
size distribution. The first work on the templated synthesis of porous carbons was documented in 
1939.36 Thereafter, tremendous efforts have been made using various templates to generate porous 
carbon materials possessing with uniform pore sizes, such as direct carbonization from carbon 
precursors, nanocasting, and organic-organic self-assembly methods.18, 37-39 In fact, different pore 
structure can function differently in the reactions over the electrodes. Generally, micropores can 
contribute high specific surface areas for accommodating ions, while mesopores and macropores 
facilitate relatively rapid ion transport. The template-assisted synthesis of porous carbon generally 
consists of three main steps: preparation of the carbon precursors or templates, carbonization, and 
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removal of the templates. In this section, the recent developments in porous carbon materials are 
summarized and divided according to their porous structures. 
 
1.2.1 The Methods for Preparing Microporous Carbons 
 Microporous carbons can be prepared by a variety of methods, such as creating inverse replicas 
of zeolites and using metal carbides and self-sacrificial templates.40-42 Zeolites are aluminosilicate 
materials with ordered subnanometer-sized pores. Use of a carbon precursor and CVD methods 
resulted in microporous carbons that exhibit high surface areas (over 2000 m2·g-1) whose majority of 
pores are smaller than 2 nm. Ma et al. reported microporous carbon using Zeolite Y as template. The 
specific surface area was as high as 3500 m2·g-1.43 Then, the specific capacitance was demonstrated to 
peak at 300 F·g-1 in 1 M H2SO4 electrolyte.
40 Zeolite 13X-templated carbon demonstrated a high 
specific surface area of 2700 m2·g-1 after KOH activation and provided up to 160 F·g-1 of specific 
capacitance in 1.5 M (C2H5)4NBF4/acetonitrile.
44  
 Carbons fabricated from metal carbides are commonly referred to carbide-derived carbons 
(CDCs). A variety of metal carbides has been used to produce highly microporous carbons through 
heat treatment at temperatures from 200 to 1200 °C in flowing Cl2.
41 Various CDCs have been 
investigated for years, and specific surface areas of up to 2000 m2·g-1 with limited pore size distribution 
have been reported. A comparison of literature data on CDCs derived from different carbides (SiC, 
TiC, ZrC, B4C, TaC, Ti3SiC2 and Mo2C) has been performed in recent years and provided materials 
with pores between 0.8 and 2.1 nm.41, 45 For example, Gogotsi et al. has reported Ti3SiC2-derived 
CDCs with pores whose sizes can by tuned from 0.51 nm to 0.64 nm by controlling the chlorination 
temperature.41 As the microstructure, porosity and functionality of the porous CDCs can be precisely 
tuned, these materials represent suitable candidates for elucidating the effects of different properties 
on the electrodes of supercapacitors. For instance, CDCs synthesized using TiC and ZrC as templates 
gave specific surface areas ranging from 600-2000 m2·g-1 and pore size in the range of 0.7-1.85 nm at 
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temperatures ranging from 600 to 1200 °C. Their maximum specific capacitance values in 1 M H2SO4 
were 150 (of ZrC-derived carbons) and 190 F·g-1 (TiC-derived carbons), respectively.46 
 The self-sacrificing template process is a one-step synthesis by the direct carbonization of highly 
porous solid precursors and carbon-rich components such as porous coordination polymers (PCPs) and 
metal-organic frameworks (MOFs). PCPs are inorganic-organic hybrid materials that contain metal 
ions and bridging organic ligands. Their high surface area and large pore volume make them promising 
for many applications. Microporous carbon nitride fibers derived from Al-PCP were reported by Hu et 
al. to have a surface area of 90 m2·g-1, which is comparable to that of mesoporous carbon nitrides 
prepared by soft templates and that of ordered nanoporous g-C3N4 prepared with self-assembled silica 
nanospheres.47 Radhakrishnan et al. further reported the formation of microporous carbon fibers by 
carbonizing furfuryl alcohol (FA) filled Al-PCP. The surface areas and pore volumes of these 
microporous carbons reached 513 m2·g-1 and 0.844 cm3·g-1, respectively 48. MOFs are microporous 
materials consisted with metal ions and organic ligands. They exhibit enormous internal surface areas, 
tailorable porosities, and unique chemical properties.49 The linkage of MOFs with functional metal 
species can offer a great chance to develop novel types of carbon-based composites. Xu et al. were the 
first to demonstrate the fabrication of nanoporous carbons by utilizing MOFs as sacrificial templates. 
They introduced FA into micropores of MOF-5 through a vapor-phase protocol. After calcination, the 
obtained nanoporous carbon exhibited a large specific surface area (2872 m2·g-1) and a high specific 
capacitance (312 F·g-1) at a scan rate of 1 mV·s-1 when tested as an electrode material for 
supercapacitors.50 As most of the content in MOFs is carbon, microporous carbons can be generated 
by direct carbonization of MOFs, without the need of additional precursors. The direct carbonization 
of MOFs was demonstrated by Yang et al. The resultant microporous carbon showed specific surface 
areas as high as 3174 m2·g-1, which is shown as Figure 1.2.51 In addition, Chaikittisilp et al. used a 
commercially available zeolitic imidazolate framework (ZIF-8) as a precursor. The resultant 
microporous carbons exhibited high electrochemical capacitances (~200 F·g-1 at 5 mV·s-1) in an acidic 
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aqueous electrolyte.52 Recently, ZIF-8@ZIF-67 was used as a precursor for preparing core-shell hybrid 
microporous carbons. ZIF-8-derived carbons (NC) have demonstrated advantages including large 
surface areas and rich nitrogen content. ZIF-67-derived carbon (GC), on the other hand, showed good 
conductivity, high crystallinity, and good stability. Therefore, the NC@GC structure, integrating the 
advantageous properties of both carbons, possessed a linked hierarchically micro/mesoporous 
structure that contributed from the core-shell ZIF-8@ZIF-67. Interestingly, after carbonization, the 
core consisted of microporous carbons with a high surface area and high nitrogen content (∼16 at.%), 
while the outer shell consisted of highly graphitic microporous carbons. The specific surface area of 
the microporous carbon was 1499 m2·g-1, and this material provided a specific capacitance of 270 F·g-
1 at a current density of 2 A·g-1.53 Soft-template methods were also developed for fabricating 
microporous carbon.54 Recently, Liu et al. reported an extension of the Stöber method for preparing 
monodisperse resorcinol/formaldehyde (RF) resin polymer spheres. RF was chosen as a precursor due 
to its covalently four-coordinate bonding. Then, these polymeric spheres were directly carbonized to 
monodisperse carbon spheres with a specific surface area of 504 m2·g-1.55 Yang et al. synthesized 
hollow carbon nanoparticles by hydrothermal treatment. The method utilized α-cyclodextrin and 
Pluronic F127 a soft templates. After calcination, the hollow carbon nanoparticles possessed both 
micropores and mesopores, giving rise to a high specific surface area over 400 m2·g-1.56 
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Figure 1.2. (a) Schematic images of the fabrication of ZnO@C and MDC-1 from IRMOF-1 with heat 
treatment. (b) PXRD patterns of all the corresponding products.51 Reproduced with permission from 
ref [51]. Copyright 2012, American Chemical Society. 
 
1.2.2 The Methods for Preparing Mesoporous Carbons 
 To overcome the limitations of microporous materials, efforts have been directed toward various 
synthetic processes, including catalyst-assisted activation of carbon precursors, replication synthesis 
with pre-synthesized hard templates, and self-assembly using soft templates. Methods involved in 
carbonization and template removal usually produce mesoporous carbon materials with controllable 
pore size distribution. 
 The templates in hard-template synthesis methods serve as molds for the replication of 
mesoporous carbon materials. The corresponding pore structure is dependent on the templates. In early 
1980, Knox et al. reported the generation of mesoporous carbon utilizing a spherical solid gel as the 
template, which involves the preparation of silica gel, impregnation or infiltration of the silica template 
with carbon precursors, cross-linking and carbonization of the precursors, and removal of the hard 
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template.39, 57 Their approach opens up the standard concept of hard-template synthesis and is still 
widely used. Since their discovery, various kinds of silica-templated ordered mesoporous carbon 
materials have been developed. For instance, Ryoo et al. reported highly ordered mesoporous carbon 
molecular sieves that possessed a specific surface area of 1300 to 1800 m2·g-1. Mesoporous MCM-48 
silica was used as the silica template, and sucrose was used as a carbon source.58 The results showed 
that the synthesis method could be precisely controlled to fabricate the highly ordered mesoporous 
carbon materials in a large scale. They further reported ordered arrays of carbon generated by using 
SBA-15 as the template and FA as the carbon source, which depicted in Figure 1.3.59 The resulting 
ordered porous carbon arrays exhibited uniform pore diameters (typically 5 nm interior and 9 nm 
exterior).   
Figure 1.3. (a) The general synthesis of ordered mesoporous materials using a hard template. (b) 
Transmission electron microscopy image viewed in the direction of the ordered arrays of carbon and 
the observed electron diffraction pattern. (c) Schematic image of the ordered mesoporous carbon 
structure.39,59 Reproduced with permission from ref [39] and [59]. Copyright 2001, Nature Publishing 
Group. 
 
 Soft templates generate porous structures via the self-assembly of organic molecules and have 
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been developed to fabricate mesoporous carbon. The corresponding pore structures are decided by 
fabricated conditions, including mixing ratios, temperatures, and solvents. Moriguchi et al. applied the 
surfactant cetyltrimethylammonium bromide (CTAB) as a template and subsequently assembled 
phenolic resin and surfactant into mesoporous materials.60 However, the creation of ordered 
mesoporous carbon materials through soft templates was reported in 2004 by Dai et al.61 The 
nanostructured film was synthesized by assembling resorcinol monomers with the aid of polystyrene-
block-poly(4-vinylpyridine) (PS-P4VP). Following treatment in formaldehyde vapor, ordered 
resorcinol–formaldehyde resin (RFR) was achieved. After calcination, the nanostructured RFR was 
successfully converted into a highly ordered carbon film while the PS-P4VP template was decomposed 
into gaseous species. This highly ordered carbon film had pore diameters of (33.7±2.5) nm and wall 
thicknesses of (9.0±1.1) nm. Tanaka et al. reported the synthesis of ordered porous carbon films (COU-
1) by applying Pluronic F127 (PEO-PPO-PEO) as a surfactant and RF as a template. By varying the 
carbonization temperature, the pore size of the ordered porous carbon film could be tuned between 5.9 
nm and 7.4 nm.62 The soft-templated synthesis of mesoporous carbons with PEO-PPO-PEO templates 
has been performed by Zhao’s group (Figure 1.4).39, 63 For example, highly ordered mesoporous 
carbons were synthesized from FDU-15 and FDU-16, which possessed pore sizes of 2.9 nm and 6.8 
nm, respectively.64 The variation in pore size could be attained by utilizing other diblock copolymers 
such as PEO-b-PS and PEO-b-PMMA. For example, mesoporous carbon with a mean pore size of 22.6 
nm was obtained with the use of the laboratory-synthesized dilblock copolymer PEO125- b-PS230.
65 
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Figure 1.4 Illustration of the synthetic methods of ordered mesoporous polymer resin to mesoporous 
carbons.39 Reproduced with permission from ref [39]. Copyright 2006, American Chemical Society 
 
 The merging of different methods as described above allowed ordered mesoporous carbons with 
various morphologies to be synthesized and used for supercapacitor applications. For example, Xing 
et al. prepared various hierarchical porous carbons by integrating self-assembly soft-templating 
synthesis and chemical activation by KOH. The two stages of the synthesis process allowed micro-
meso hierarchical porous carbons (HPCs) to be developed; specifically, micropores were formed after 
the chemical activation leading to a higher specific surface area. Therefore, the micro-meso structure 
would provide rapid ion diffusion channels for electrolytes while the interconnected micropores 
offered short diffusion distances. This hierarchical structure possessed a specific capacitance of 180 
F·g-1 at the frequency of 1 Hz.66 Wang et al. synthesized mesoporous carbon nanofiber arrays by 
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assembling triblock copolymer F127 and resols into the pore tunnels of anodic alumina (AAO) 
membranes. The resulting carbon nanofibers possessed mesopores with a pore size of approximately 
3.4 nm and major pore sizes ranging from 5 to 8 nm. The specific surface area was 1424 m2·g-1. These 
nanofiber arrays provided a specific capacitance of 152 F·g-1 at a scan rate of 3 mV·s-1 in 1 M KOH 
solution.67 Zhao et al. further combined soft-template and hard-template methods.68 The dual-
templates were consisted of F127, and spherical silica mesocellular foams (Si-MCFs). Phenolic resol 
was added as a carbon precursor. After calcination, the foam-like mesoporous carbon spheres were 
obtained, with a diameter ranging from 3 to 5 μm. They exhibited pore sizes in the range of 3.5 to 60 
nm and a high specific surface area of 1320 m2·g-1. The mesoporous carbon spheres provided a specific 
capacitance as high as 208 F·g-1 at 0.5 A·g-1 in a 2.0 M H2SO4 aqueous solution. Furthermore, this 
material also displayed a specific capacitance of 97 F·g-1 at a current density of 0.5 A·g-1 in 
(C2H5)4NBF4/PC electrolyte. 
 
1.3 Surface Modification and Heteroatom Doping 
Surface modification is important for carbon materials. The presence of functional groups after 
chemical modification improves wettability and accessibility to anchor metals and active components. 
A common modification technique involves oxidization with acids or ozone, leading to the generation 
of oxygenated functionalities. The doping of anchoring sites on the surface of carbon materials is 
determined by the chemical bonding structure of carbon materials, oxidation method, and oxidation 
time. Kim et al. reported a poly(ionic liquid)-modified reduced graphene oxide (PIL:RG-O) electrode. 
Facilitated by the functional PIL molecules, the PIL: RG-O electrode exhibited an enhanced specific 
capacitance of 187 F·g-1 in an IL electrolyte.69 Hulicova-Jurcakova et al. reported the calcination of 
microporous AC with melamine and urea at 950 °C under inert atmosphere. This modification process 
imparted the doping of nitrogen- and oxygen-containing groups, which gave rise to enhanced 
electrochemical performance in 1 M H2SO4 electrolyte due to the improved conductivity.
70 Qie et al. 
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prepared functionalized three-dimensional hierarchical porous carbon (THPC) using  polypyrrole 
(PPy) microsheets as the precursor because they could provide a large quantity of oxygen-containing 
functional groups after carbonization. Specifically, the THPC showed an improved specific 
capacitance of 318.2 F·g-1 at a current density of 0.5 A·g-1.71 Similar to functional groups, doping alters 
the uniformity of the charge distribution across carbon atoms and chemical reactivity, thus leading to 
increased pseudocapacitance. The introduction of heteroatoms such as boron, nitrogen, phosphorus, 
and sulfur into carbon materials can significantly influence their physical and chemical properties.72 
Similar to functional groups, doping alters the uniformity of the charge distribution across carbon 
atoms and chemical reactivity increase pseudocapacitance. The introduction of heteroatoms such as 
boron, nitrogen, phosphorus, and sulfur into carbon materials can significantly have an influence on 
the physical and chemical properties.72 
 Nitrogen is the most common element for the doping of various carbon materials. Chemically, 
nitrogen is relatively easy to dope into carbon materials. The synthetic methods of doping include the 
post-treatment of crude carbons with reactive nitrogen sources and the pyrolysis or CVD of nitrogen. 
Ania et al. previously reported the zeolite-templated synthesis of nitrogen-doped microporous carbons 
(ZTCs). They used acrylonitrile (AN) as a carbon source and Na-Y zeolite as the template. AN was 
impregnated into the template and then polymerized under an inert atmosphere. After the composite 
was treated under propylene flow and went through the process of removing template, the ZTCs was 
obtained. The capacitance of nitrogen-doped ZTCs was 340 F·g-1 in an aqueous H2SO4 electrolyte 
operating at a cell voltage of 1.2 V and a current density of 200 mA·g-1.73 Recently, an increasing 
number of advanced methods have been developed to dope nitrogen into carbon materials. Jeong et al. 
produced nitrogen-doped graphene by an easy plasma process.74 By adequate doping process, nitrogen 
atoms were capable of replacing carbon atoms to nitrogen species. The specific capacitance (~280 F·g-
1) of a nitrogen-doped graphene-based supercapacitor was about 4 times larger than that of pristine 
graphene. 
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1.4 Pseudocapacitve Materials 
 The major challenge of carbon-based supercapacitors is their low energy density. To overcome 
this problem, materials presenting high pseudocapacitance (metal oxides) and conducting polymers 
were widely studied for incorporation into EDLC-type carbon materials. Regarding the electrode 
materials, the incorporation of pseudocapacitive materials into carbon provides optimized capacitance 
and conductivity without destroying the stability. Integrating the unique properties of both materials 
can lead to improved performance in such hybrid carbon electrodes. However, it is important to design 
an optimized architecture which utilizes the structural properties and electroactivities of each 
component.75 
 TMOs such as RuO2, MnO2, Co3O4, NiO, and Fe2O3 and even binary metal oxides exhibit high 
theoretical pseudocapacitance. Most of the pseudocapacitance is generated from surface redox 
reactions. However, the bulky structures of TMOs make them suffer from having lower capacitance 
values than their theoretical values. Additionally, the low electrical conductivity of metal oxides 
prompts low rate capability and subsequently hinders their application as electrode materials for 
supercapacitor. As described above, porous carbon materials possess higher surface areas and better 
electrical conductivity than TMOs. Therefore, combining TMOs with carbon materials has been a 
promising strategy for integrating the advantages of each material. 
 RuO2 has drawn much attention as a supercapacitor electrode material because of its high specific 
capacitance. Many studies have demonstrated the enhanced performance of carbon-based material 
upon incorporation with RuO2. For instance, specific capacitances up to 570 F·g
-1 have been 
demonstrated for hydrous RuO2/graphene sheet composites with 38.3 wt.% Ru loading.
76 Bi et al. 
reported highly dispersed RuO2 nanoparticles (diameter < 2 nm) on CNTs.
77 The RuO2 nanoparticles 
in a composite with a RuO2/CNT mass ratio of 6:7 rendered specific capacitances as high as 953 F·g
-
1 in 1 M H2SO4. The improved electrochemical performances were attributed to the uniform dispersion 
and good electrical conductivity of CNTs. Despite the excellent performance of RuO2, the cost of this 
material is comparatively high, therefore limiting its use in industrial applications. Recently, MnO2 
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has been widely studied as a substitute material because of its low cost, rich redox reaction and eco-
friendly. Yu et al. demonstrated 3D porous networks of graphene/MnO2 nanostructured textiles with 
specific capacitance of 315 F·g-1, which was ~5 times as high as that of graphene nanosheets.78 CNT 
arrays are considered an ideal current collector for loading pseudocapacitive materials. CNT/MnO2 
composites fabricated by the reduction of potassium permanganate under microwave irradiation have 
shown high capacitance. The CNT-15% MnO2 composite rendered the specific capacitance of 
944 F·g−1 at 1 mV·s−1, which is about 85% of the theoretical capacitance.79 Although MnO2 provides 
high pseudocapacitance, it often suffers from bad electrical conductivity (10-5~10-6 S·cm-1), resulting 
in a limited power density and cycling.80 Therefore, Yu et al. further used CNTs or conducting 
polymers to favor the supercapacitor performance of graphene/MnO2-based nanostructured electrodes. 
Wrapping graphene/MnO2 nanostructures with CNTs or conducting polymer substantially increases 
the specific capacitance of the materials (by ∼20% and ∼45%, respectively) and resulted in a peak 
specific capacitance of ~380 F·g-1.81 Although manganese oxides have demonstrated potential as 
supercapacitor electrodes, they still suffer from some drawbacks such as low specific surface area, 
poor electrical conductivity, and partial dissolution in the electrolyte during cycling.82 One of the 
promising solutions to overcome these problems is using the unique hollow micro-structure. Wang et 
al. reported the fabrication of uniform single-, double-, triple-, and quadruple-shelled Mn2O3 hollow 
spheres and evaluated these hollow structures as supercapacitor electrodes (Figure 1.5). The unique 
Mn2O3 nanomaterials rendered a high specific capacitance (1651 F·g
-1) at a current density of 0.5 A·g-
1. Impressively, after 2000 cycles at 0.5 A·g-1, 92% of the capacitance was retained.82 
   
           
Chapter 1 
 
 
20 
 
 
Figure 1.5 SEM images of (a) double‐,(b) triple‐, and (c) quadruple‐shelled Mn2O3 hollow 
microspheres. (d) Specific capacitances of Mn2O3 nanoparticles and single-, double-, triple- and 
quadruple-shelled Mn2O3 hollow microspheres at various scan rates. (e) Cyclic stability of Mn2O3 
nanoparticles and single-, double-, triple- and quadruple-shelled hollow microspheres for 2,000 cycles 
at a current density of 1 A·g–1.82 Reproduced with permission from ref [82]. Copyright 2014, Wiley-
VCH.  
 
Co3O4 is a material of particular interest owing to its ease of availability, cost effectiveness, and 
good pseudocapacitive behavior. There has been a variety of reports about the synthesis of different 
Co3O4 nanostructures of various morphologies and their application in pseudocapacitors. Guan et al. 
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synthesized needle-like Co3O4/graphene composites that exhibited a specific capacitance of 157.7 F·g
-
1 at a current density of 0.1 A·g-1 in 2 M KOH aqueous solution.83 Ultralayered Co3O4 structures have 
been synthesized with the neutral surfactant Triton X-100 under hydrothermal conditions. The 
resulting 2D flake Co3O4 structures rendered a specific capacitance of 548 F·g
-1 at a current density of 
8 A·g-1.84 
 Mixed metal oxides have drawn increasing attention for electrochemical energy storage in recent 
years. They show many unique properties that originate from the coexistence of two different cations 
in a single-crystal structure.85 In energy storage applications, mixed metal oxides show extraordinary 
performance due to their rich redox reactions. To utilize the mixed metal oxides materials completely 
and perform better, it is important to design an appropriate structure. The core-shell structures have 
been widely studied because the shell material can provide surface chemistry for further modification 
and functionalization of the nanoparticles. In addition, the core-shell structure provides better thermal 
stability and dispersibility than other structures. Lou et al. designed unique double-shelled nanocage 
structures composed of Co3O4/NiCo2O4 (Figure 1.6).
86 Zeolitic imidazolate framework-67 (ZIF-
67)/Ni−Co layered double hydroxide (LDH) yolk-shelled structures were first synthesized and 
subsequently converted into Co3O4/NiCo2O4 double-shelled nanocages (DSNCs) by thermal annealing 
in air. The Co3O4/NiCo2O4 material showed a high specific capacitance (972 F·g
-1) at a current density 
of 5 A·g-1. It was capable of maintain 92.5% capacitance retention after 12,000 cycles. The superior 
performance of Co3O4 nanocages (NCs) than the simple configurations and Co3O4/Co3O4 has proven 
the advantageous properties of mixed TMOs and the double-shelled structures.86 Yang et al. designed 
hydrogenated single-crystal ZnO@amorphous ZnO-doped MnO2 core-shell nanocables (HZM) on 
carbon cloth as supercapacitor electrodes, which performed excellently, including demonstrating an 
areal capacitance of 138.7 mF·cm2 and a specific capacitance of 1260.9 F·g-1.87 Therefore, mixed 
TMOs possess not only higher electrical conductivity but also higher electrochemical activities than 
many other materials, which significantly contributes to a better rate capability and capacitance.88 Lou 
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and co-workers also developed mixed metal sulfides.89 They used an anion exchange approach to 
synthesize a hybrid mixed metal sulfide hollow structure. The highly uniform NiCo-glycerate solid 
spheres were used as a precursor. After the ion exchange process, NiCo2S4 ball-in-ball hollow spheres 
were obtained. These NiCo2S4 hollow spheres delivered a improved specific capacitance of 1036 F·g
-
1 at a current density of 1.0 A·g-1, which might be significantly contributed from the high porosity on 
their shell as well as their rich redox reactions. Another special structure, that of RuO2/Mn2O3 tube-in-
tube and composites, was fabricated by Yoon and co-workers.90 Double-walled RuO2 and Mn2O3 
composite fibers were synthesized by single-nozzle electrospinning, followed by heating speed-
controlled calcination. As a result, the RuO2/Mn2O3 composite hollow structures exhibit excellent 
electrocatalytic performances for the oxygen reduction reaction (ORR) and oxygen evolution reaction 
(OER) in both alkaline media and lithium−oxygen batteries. 
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Figure 1.6 (a) Schematic illustration of the process forming Co3O4/NiCo2O4 DSNCs. (b-d) SEM 
images of ZIF-67/Ni–Co LDH yolk-shelled structures. (e-g) SEM images of Co3O4/NiCo2O4 DSNCs. 
(h) Cyclic voltammetry (CV) curves at a scan rate of 2 mV·s–1, (i) specific capacitance as a function 
of current density, and (j) cycling performance at a current density of 10 A·g–1. 86 Reproduced with 
permission from ref [86]. Copyright 2015, American Chemical Society.  
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1.5 Conclusion and Objectives 
 In recent decades, porous carbons and their extended hybrid materials have been widely studied 
for energy storage applications. In the first part of this manuscript, the influence of different types of 
electrolytes on the performance of supercapacitors is introduced. The various carbon materials such as 
ACs, graphene oxides, and CNTs are further summarized. Compared to these traditional carbon 
materials, porous carbon materials with high specific areas and tailorable pore sizes can be designed 
depending on the demands of applications. In fact, micropores and mesopores play important roles in 
electrochemical performance. Therefore, the methods for fabricating microporous carbons and 
mesoporous carbons are introduced, including hard-template, soft-template, dual-template, and self-
assembly methods. Despite the porous nature of these carbons, the further improvement of electrical 
conductivity and electrochemical performance are essential. The graphitization degree and electrical 
conductivity can be increased by using catalytic metallic species. The surface functionalization of 
porous carbon is favorable because the surface functional groups provide high reactivity and act as 
anchoring sites for metallic species. In addition, doping with heteroatoms provides pseudocapacitance 
by altering the uniformity of charge distribution on the porous carbon surface. Finally, 
pseudocapacitive materials are introduced in detail. By adequate hybridization, the pseudocapacitive 
materials aid the porous carbon materials in reaching a higher electrical performance by contributing 
rich redox reactions. An overview of this review is summarized in Figure 1.7. I strongly believe that 
requirement of functional porous carbons in the development of high-performance supercapacitors for 
future energy storage systems should be continued. 
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Figure 1.7 The strategies for the design of porous carbon materials toward supercapacitor 
applications.38, 51, 74, 78 Reproduced with permission from ref [38], Copyright 2006, ref [51], Copyright 
2012, ref [74], Copyright 2011, ref [78], Copyright 2011, American Chemical Society. 
Chapter 1 
 
 
26 
 
1.6 References 
1. A. G. Pandolfo and A. F. Hollenkamp, J. Power Sources, 2006, 157, 11-27. 
2. P. Simon and Y. Gogotsi, Nat. Mater., 2008, 7, 845-854. 
3. B. E. Conway and W. G. Pell, J. Solid State Electr., 2003, 7, 637-644. 
4. M. D. Stoller and R. S. Ruoff, Energ. Environ. Sci., 2010, 3, 1294-1301. 
5. A. J. R. Rennie, V. L. Martins, R. M. Torresi and P. J. Hall, J. Phys. Chem. C, 2015, 119, 23865-
23874. 
6. C. D. Lokhande, D. P. Dubal and O. S. Joo, Curr Appl. Phys., 2011, 11, 255-270. 
7. J. Chmiola, G. Yushin, Y. Gogotsi, C. Portet, P. Simon and P. L. Taberna, Science, 2006, 313, 
1760-1763. 
8. S. Pohlmann, B. Lobato, T. A. Centeno and A. Balducci, Phys. Chem. Chem. Phys., 2013, 15, 
17287-17294. 
9. F. B. Sillars, S. I. Fletcher, M. Mirzaeian and P. J. Hall, Energ. Environ. Sci., 2011, 4, 695-706. 
10. C. Largeot, C. Portet, J. Chmiola, P. L. Taberna, Y. Gogotsi and P. Simon, J. Am. Chem. Soc., 
2008, 130, 2730-2731. 
11. D. E. Jiang, Z. H. Jin, D. Henderson and J. Z. Wu, J. Phys. Chem. Lett., 2012, 3, 1727-1731. 
12. M. Endo, T. Maeda, T. Takeda, Y. J. Kim, K. Koshiba, H. Hara and M. S. Dresselhaus, J. 
Electrochem. Soc., 2001, 148, A910-A914. 
13. B. Xu, F. Wu, R. J. Chen, G. P. Cao, S. Chen, Z. M. Zhou and Y. S. Yang, Electrochem. 
Commun., 2008, 10, 795-797. 
14. D. Hulicova, M. Kodama and H. Hatori, Chem. Mater., 2006, 18, 2318-2326. 
15. I. Tanahashi, A. Yoshida and A. Nishino, B. Chem. Soc. Jpn, 1990, 63, 3611-3614. 
16. Y. Chen, X. O. Zhang, D. C. Zhang, P. Yu and Y. W. Ma, Carbon, 2011, 49, 573-580. 
17. L. Wei and G. Yushin, Carbon, 2011, 49, 4830-4838. 
18. V. Subramanian, C. Luo, A. M. Stephan, K. S. Nahm, S. Thomas and B. Q. Wei, J. Phys. Chem. 
Chapter 1 
 
 
27 
 
C, 2007, 111, 7527-7531. 
19. Q. Y. Li, H. Q. Wang, Q. F. Dai, J. H. Yang and Y. L. Zhong, Solid State Ionics, 2008, 179, 269-
273. 
20. T. E. Rufford, D. Hulicova-Jurcakova, E. Fiset, Z. H. Zhu and G. Q. Lu, Electrochem. Commun., 
2009, 11, 974-977. 
21. A. Ahmadpour and D. D. Do, Carbon, 1997, 35, 1723-1732. 
22. E. Raymundo-Pinero, F. Leroux and F. Beguin, Adv. Mater., 2006, 18, 1877-1882. 
23. W. T. Gu and G. Yushin, Wires Energy Environ., 2014, 3, 424-473. 
24. T. C. Weng and H. S. Teng, J. Electrochem. Soc., 2001, 148, A368-A373. 
25. K. Kierzek, E. Frackowiak, G. Lota, G. Gryglewicz and J. Machnikowski, Electrochim. Acta, 
2004, 49, 1169-1170. 
26. T. E. Rufford, D. Hulicova-Jurcakova, Z. H. Zhu and G. Q. Lu, Electrochem. Commun., 2008, 
10, 1594-1597. 
27. C. M. Niu, E. K. Sichel, R. Hoch, D. Moy and H. Tennent, Appl. Phys. Lett., 1997, 70, 1480-
1482. 
28. R. Z. Ma, J. Liang, B. Q. Wei, B. Zhang, C. L. Xu and D. H. Wu, J. Power Sources, 1999, 84, 
126-129. 
29. D. N. Futaba, K. Hata, T. Yamada, T. Hiraoka, Y. Hayamizu, Y. Kakudate, O. Tanaike, H. Hatori, 
M. Yumura and S. Iijima, Nat. Mater,. 2006, 5, 987-994. 
30. X. H. Cao, Y. M. Shi, W. H. Shi, G. Lu, X. Huang, Q. Y. Yan, Q. C. Zhang and H. Zhang, Small, 
2011, 7, 3163-3168. 
31. A. C. H. Tsang, H. Y. H. Kwok and D. Y. C. Leung, Solid State Sci., 2017, 67, A1-A14. 
32. S. R. C. Vivekchand, C. S. Rout, K. S. Subrahmanyam, A. Govindaraj and C. N. R. Rao, J. 
Chem. Sci., 2008, 120, 9-13. 
33. M. D. Stoller, S. J. Park, Y. W. Zhu, J. H. An and R. S. Ruoff, Nano Lett., 2008, 8, 3498-3502. 
Chapter 1 
 
 
28 
 
34. Y. W. Zhu, S. Murali, M. D. Stoller, A. Velamakanni, R. D. Piner and R. S. Ruoff, Carbon, 
2010, 48, 2118-2122 
35. Y. W. Zhu, M. D. Stoller, W. W. Cai, A. Velamakanni, R. D. Piner, D. Chen and R. S. Ruoff, 
Acs Nano, 2010, 4, 1227-1233. 
36. J. H. Knox, B. Kaur and G. R. Millward, J. Chromatogr., 1986, 352, 3-25 
37. B. H. Han, W. Z. Zhou and A. Sayari, J. Am. Chem. Soc., 2003, 125, 3444-3445. 
38. X. H. Deng, K. Chen and H. Tuysuz, Chem. Mater., 2017, 29, 40-52. 
39. Y. Meng, D. Gu, F. Q. Zhang, Y. F. Shi, L. Cheng, D. Feng, Z. X. Wu, Z. X. Chen, Y. Wan, A. 
Stein and D. Y. Zhao, Chem. Mater., 2006, 18, 4447-4464. 
40. A. Kajdos, A. Kvit, F. Jones, J. Jagiello and G. Yushin, J. Am. Chem. Soc., 2010, 132, 3252-
4253. 
41. Y. Gogotsi, A. Nikitin, H. H. Ye, W. Zhou, J. E. Fischer, B. Yi, H. C. Foley and M. W. Barsoum, 
Nat. Mater., 2003, 2, 591-594. 
42. H. L. Jiang, B. Liu, Y. Q. Lan, K. Kuratani, T. Akita, H. Shioyama, F. Q. Zong and Q. Xu, J. 
Am. Chem. Soc., 2011, 133, 11854-11857. 
43. Z. X. Ma, T. Kyotani, Z. Liu, O. Terasaki and A. Tomita, Chem. Mater., 2001, 13, 4413-4415. 
44. H. L. Wang, Q. M. Gao, J. Hu and Z. Chen, Carbon, 2009, 47, 2259-2268. 
45. V. Presser, M. Heon and Y. Gogotsi, Adv. Funct. Mater., 2011, 21, 810-833. 
46. J. Chmiola, G. Yushin, R. Dash and Y. Gogotsi, J. Power Sources, 2006, 158, 765-772. 
47. M. Hu, J. Reboul, S. Furukawa, L. Radhakrishnan, Y. J. Zhang, P. Srinivasu, H. Iwai, H. J. 
Wang, Y. Nemoto, N. Suzuki, S. Kitagawa and Y. Yamauchi, Chem. Commun., 2011, 47, 8124-
8126. 
48. L. Radhakrishnan, J. Reboul, S. Furukawa, P. Srinivasu, S. Kitagawa and Y. Yamauchi, Chem. 
Mater., 2011, 23, 1225-1231. 
49. N. L. Torad, M. Hu, S. Ishihara, H. Sukegawa, A. A. Belik, M. Imura, K. Ariga, Y. Sakka and 
Chapter 1 
 
 
29 
 
Y. Yamauchi, Small, 2014, 10, 2096-2107. 
50. B. Liu, H. Shioyama, T. Akita and Q. Xu, J. Am. Chem. Soc., 2008, 130, 5390-5391. 
51. S. J. Yang, T. Kim, J. H. Im, Y. S. Kim, K. Lee, H. Jung and C. R. Park, Chem. Mater., 2012, 
24, 464-470. 
52. W. Chaikittisilp, M. Hu, H. J. Wang, H. S. Huang, T. Fujita, K. C. W. Wu, L. C. Chen, Y. 
Yamauchi and K. Ariga, Chem. Commun., 2012, 48, 7259-7261. 
53. J. Tang, R. R. Salunkhe, J. Liu, N. L. Torad, M. Imura, S. Furukawa and Y. Yamauchi, J. Am. 
Chem. Soc., 2015, 137, 1572-1580. 
54. J. Liu, N. P. Wickramaratne, S. Z. Qiao and M. Jaroniec, Nat. Mater., 2015, 14, 763-774. 
55. J. Liu, S. Z. Qiao, H. Liu, J. Chen, A. Orpe, D. Y. Zhao and G. Q. Lu, Angew Chem. Int. Edit., 
2011, 50, 5947-5951. 
56. Z. C. Yang, Y. Zhang, J. H. Kong, S. Y. Wong, X. Li and J. Wang, Chem. Mater., 2013, 25, 704-
710. 
57. J. H. Knox, K. K. Unger and H. Mueller, J. Liq. Chromatogr., 1983, 6, 1-36. 
58. S. H. Joo, S. Jun and R. Ryoo, Micropor. Mesopor. Mat., 2001, 44, 153-158. 
59. S. H. Joo, S. J. Choi, I. Oh, J. Kwak, Z. Liu, O. Terasaki and R. Ryoo, Nature, 2001, 412, 169-
172. 
60. I. Moriguchi, A. Ozono, K. Mikuriya, Y. Teraoka, S. Kagawa and M. Kodama, Chem. Lett,. 
1999, 28, 1171-1172. 
61. C. D. Liang, K. L. Hong, G. A. Guiochon, J. W. Mays and S. Dai, Angew Chem. Int. Edit., 
2004, 43, 5785-5789. 
62. S. Tanaka, N. Nishiyama, Y. Egashira and K. Ueyama, Chem. Commun., 2005, 0, 2125-2127. 
63. F. Q. Zhang, Y. Meng, D. Gu, Y. Yan, C. Z. Yu, B. Tu and D. Y. Zhao, J Am Chem Soc, 2005, 
127, 13508-13509. 
64. Y. Meng, D. Gu, F. Q. Zhang, Y. F. Shi, H. F. Yang, Z. Li, C. Z. Yu, B. Tu and D. Y. Zhao, 
Chapter 1 
 
 
30 
 
Angew Chem. Int. Edit., 2005, 44, 7053-7059. 
65. Y. H. Deng, T. Yu, Y. Wan, Y. F. Shi, Y. Meng, D. Gu, L. J. Zhang, Y. Huang, C. Liu, X. J. Wu 
and D. Y. Zhao, J. Am. Chem. Soc., 2007, 129, 1690-1697. 
66. W. Xing, C. C. Huang, S. P. Zhuo, X. Yuan, G. Q. Wang, D. Hulicova-Jurcakova, Z. F. Yan and 
G. Q. Lu, Carbon, 2009, 47, 1715-1722. 
67. K. X. Wang, Y. G. Wang, Y. R. Wang, E. Hosono and H. S. Zhou, J. Phys. Chem. C, 2009, 113, 
1093-1097. 
68. Q. Li, R. R. Jiang, Y. Q. Dou, Z. X. Wu, T. Huang, D. Feng, J. P. Yang, A. S. Yu and D. Y. Zhao, 
Carbon, 2011, 49, 1248-1257. 
69. T. Y. Kim, H. W. Lee, M. Stoller, D. R. Dreyer, C. W. Bielawski, R. S. Ruoff and K. S. Suh, 
Acs Nano, 2011, 5, 436-442. 
70. D. Hulicova-Jurcakova, M. Seredych, G. Q. Lu and T. J. Bandosz, Adv. Funct. Mater., 2009, 
19, 438-447. 
71. L. Qie, W. M. Chen, H. H. Xu, X. Q. Xiong, Y. Jiang, F. Zou, X. L. Hu, Y. Xin, Z. L. Zhang 
and Y. H. Huang, Energ. Environ. Sci., 2013, 6, 2497-2504. 
72. J. P. Paraknowitsch and A. Thomas, Energ. Environ. Sci., 2013, 6, 2839-2855. 
73. C. O. Ania, V. Khomenko, E. Raymundo-Pinero, J. B. Parra and F. Beguin, Adv. Funct. Mater., 
2007, 17, 1828-1836. 
74. H. M. Jeong, J. W. Lee, W. H. Shin, Y. J. Choi, H. J. Shin, J. K. Kang and J. W. Choi, Nano 
Lett., 2011, 11, 2472-2477. 
75. J. P. Liu, J. Jiang, C. W. Cheng, H. X. Li, J. X. Zhang, H. Gong and H. J. Fan, Adv. Mater., 
2011, 23, 2076-2081. 
76. Z. S. Wu, D. W. Wang, W. Ren, J. Zhao, G. Zhou, F. Li and H. M. Cheng, Adv. Funct. Mater., 
2010, 20, 3595-3602. 
77. R. R. Bi, X. L. Wu, F. F. Cao, L. Y. Jiang, Y. G. Guo and L. J. Wan, J. Phys. Chem. C, 2010, 
Chapter 1 
 
 
31 
 
114, 2448-2451. 
78. G. H. Yu, L. B. Hu, M. Vosgueritchian, H. L. Wang, X. Xie, J. R. McDonough, X. Cui, Y. Cui 
and Z. N. Bao, Nano Lett., 2011, 11, 2905-2911. 
79. J. Yan, Z. J. Fan, T. Wei, J. Cheng, B. Shao, K. Wang, L. P. Song and M. L. Zhang, J. Power 
Sources, 2009, 194, 1202-1207. 
80. Q. Li, Z. L. Wang, G. R. Li, R. Guo, L. X. Ding and Y. X. Tong, Nano Lett., 2012, 12, 3803-
3807. 
81. G. H. Yu, L. B. Hu, N. A. Liu, H. L. Wang, M. Vosgueritchian, Y. Yang, Y. Cui and Z. A. Bao, 
Nano Lett., 2011, 11, 4438-4442. 
82. J. Y. Wang, H. J. Tang, H. Ren, R. B. Yu, J. Qi, D. Mao, H. J. Zhao and D. Wang, Adv. Sci., 
2014, 1, 1400011. 
83. Q. Guan, J. L. Cheng, B. Wang, W. Ni, G. F. Gu, X. D. Li, L. Huang, G. C. Yang and F. D. Nie, 
Acs Appl. Mater. Inter., 2014, 6, 7626-7632. 
84. S. K. Meher and G. R. Rao, J. Phys. Chem. C, 2011, 115, 15646-15654. 
85. G. X. Gao, H. B. Wu and X. W. Lou, Adv Energy Mater, 2014, 4, 1300958. 
86. H. Hu, B. Y. Guan, B. Y. Xia and X. W. Lou, J. Am. Chem. Soc., 2015, 137, 5590-5595. 
87. P. H. Yang, X. Xiao, Y. Z. Li, Y. Ding, P. F. Qiang, X. H. Tan, W. J. Mai, Z. Y. Lin, W. Z. Wu, 
T. Q. Li, H. Y. Jin, P. Y. Liu, J. Zhou, C. P. Wong and Z. L. Wang, Acs Nano, 2013, 7, 2617-
2626. 
88. C. Z. Yuan, H. B. Wu, Y. Xie and X. W. Lou, Angew Chem. Int. Edit., 2014, 53, 1488-1504. 
89. L. F. Shen, L. Yu, H. B. Wu, X. Y. Yu, X. G. Zhang and X. W. Lou, Nat. Commun., 2015, 6, 
6694. 
90. K. R. Yoon, G. Y. Lee, J. W. Jung, N. H. Kim, S. O. Kim and I. D. Kim, Nano Lett., 2016, 16, 
2076-2083.
Chapter 2 
 
32 
 
Chapter 2 
Zeolitic Imidazolate Framework (ZIF-8) Derived 
Nanoporous Carbon: The Effect of Carbonization 
Temperature on the Supercapacitor Performance
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2.1 Introduction 
Nanoporous carbon (NPC) materials have received great attention due to their immense potential 
for electrochemical energy storage (EES). In EES applications, batteries and electrochemical 
capacitors (supercapacitors) have a prominent position as energy storage devices. Their ability to 
produce high bursts of energy in a short time makes supercapacitors a promising energy storage 
technology for specific applications, such as frequency regulators in grids, voltage stabilizers in power 
lines, military devices, hybrid electrical vehicles, and consumer electronics.1 Researchers in the field 
of energy storage are still focused on improving the energy density of these devices, along with their 
power density, which will kick-start new innovations in flexible and lightweight electronics. Currently, 
many reports are available in the literature on enhancing energy density by increasing the surface area 
and improving the electrical conductivity.2 To increase energy density, an effective approach is to 
increase the capacitance, C, or the potential window, V, as energy density is proportional to CV2 On 
the other hand, the lifetime performance of a capacitor decreases over a typical potential window (~2.7 
V). Thus, in a limited potential window, an electrolyte with low internal resistance is highly desirable. 
Compared with organic electrolytes and room temperature ionic liquids (RTILs), the aqueous 
electrolytes show outstanding electrical conductivity. Thus, most studies have been focused on 
improving the capacitance performance of these materials by increasing the capacitance of carbon 
based capacitors. Instead of using old-fashioned methods for developing new materials for EES 
applications, experiments related to narrowing the pore size of carbon materials have been prominent 
in achieving this goal. Recently, Chmiola et al. found an anomalous increase in capacitance when they 
shrank the average pore size to the ion diameter in the electrolytes.3 These results have been verified 
by many subsequent theoretical studies based on molecular dynamics (MD) and Monte Carlo 
simulations of different electrode and electrolyte models.4 Furthermore, studies based on classical 
density functional theory indicated that oscillatory behavior in capacitance resulted from the 
interference of overlapping electrical double layers. Here I demonstrate a new perspective on the 
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dependence of capacitance on porous architecture. In order to investigate this issue, nanoporous carbon 
is a good candidate because its pore size is tailorable using various approaches, such as carbonization 
of polymeric aerogels, nanocasting with hardtemplates, and pyrolysis followed by physical or chemical 
activation of organic precursors.5 In particular, metal–organic frameworks (MOFs),6 as a novel class 
of porous materials with attractive properties, have been utilized as alternative precursors for 
synthesizing nanostructured materials with controllable particle size and morphology under various 
conditions. Inspired by their high surface areas and large pore volumes, several MOFs have been 
widely used as cutting-edge precursors for nanoporous carbons,7 which can be beneficial for 
supercapacitor electrode applications. Among all the preparation methods, an efficient approach is 
herein introduced, using Zn-based MOFs (e.g., ZIF-8) to prepare nanoporous carbon materials with 
high surface area.8 This process involves direct carbonization with the decomposition of MOFs and 
removal of the zinc element. The calcination temperature for the decomposition of MOFs is the key 
factor for the carbonization of nanoporous materials.9 When the calcination temperature is too low, the 
organic template is not decomposed completely. On the other hand, when the calcination temperature 
is too high, the thus-produced gaseous components are released too fast and then cause the collapse of 
the nanoporous structure. The surface area, pore volume, and relative micropore percentage are all 
changed by different calcination temperatures. During the calcination process, Zn is acted as a catalyst 
to create more sites for porous structure and the pore structure changing can provide the proof of 
structure changing. Herein, I have prepared nanoporous carbons derived by direct carbonization of 
ZIF-8 precursor at different temperatures (from 700 to 1000 oC). Then, I used these samples in 
supercapacitor electrodes to investigate their capacitance performance. Our nanoporous carbons 
synthesized under optimal conditions achieved comparatively high electrochemical performance. 
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2.2 Experimental Section 
2.2.1 Synthesis 
According to the previous paper,8d ZIF-8 crystals were prepared. Zinc acetate dihydrate 
(Zn(CH3COO)2∙2H2O, purchased from Sigma-Aldrich Chemical Co.) (0.176 g) and 
polyvinylpyrrolidone (PVP K30, purchased from Nacalai Tesque Reagent Co.) (0.300 g) were mixed 
in methanol (20 ml) to form a clear solution. Apart from this solution, 2-methylimidazole (purchased 
from Sigma-Aldrich Chemical Co.) (0.263 g) was further dissolved in methanol (20 ml) to prepare 
another solution. After the above two solutions were cooled down for 1 hour, they were mixed together 
and aged at room temperature for 1 day. A white precipitate of ZIF-8 crystals was obtained. 
Nanoporous carbons were synthesized by carbonization of ZIF-8 crystals under a flow of nitrogen gas 
at different temperatures ranging from 700 to 1000 oC. The sample was exposed to a flow of nitrogen 
at room temperature for 1 hour and afterward the furnace was heated to the targeted carbonization 
temperature at a heating rate of 5 oC min-1. After reaching the targeted temperature, it was held for 5 h 
and then cooled down to room temperature. Then, the resultant black powder was washed with a 10 
wt% HF aqueous solution. Finally, the carbon samplewas rinsed with distilled water and then dried at 
60 oC overnight. The obtained carbon samples are denoted as S-n, where n is the calcination 
temperature. For comparison, I used the activated carbon (ACS-679) purchased from China Steel 
Chemical Corp., Taiwan. 
2.2.2 Characterization 
 The crystalline structures of the samples were characterized using a powder X-ray diffraction 
(Rigaku 2500) system equipped with a Cu Kα radiation source (l = 0.15406 nm). Raman spectra were 
collected using a Micro-Raman spectrometer (Horiba-Jovin Yvon T64000). The surface morphology 
of the prepared nanostructures was investigated using a scanning electron microscope (SEM, Hitachi 
S-4800) at an accelerating voltage of 5 kV and a transmission electron microscope (TEM, JEM-2100F 
operated at a voltage of 200 kV). X-ray photoelectron spectroscopy (XPS) spectra were measured at 
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room temperature using a PHI Quantera SXM (ULVAC-PHI) instrument with an Al Kα X-ray source. 
Pt powders were used as a reference. The nitrogen adsorption–desorption isotherms were measured 
using a BELSORP-max (BEL, Japan) at 77 K. The surface areas (S) and pore volumes (V) (including 
the micropore volume, Vmicro) were obtained by the Brunauer– Emmett–Teller (BET) method, the t-
plot method, and the nonlocalized density functional theory (NLDFT) method. 
2.2.3 Electrochemical measurements 
 The electrochemical measurements were carried out by using an electrochemical workstation 
(CHI 660e, CH Instruments). For this study standard three-electrode and two electrode measurements 
were performed. For the three-electrode measurements, a Ag/AgCl and a platinum wire electrode were 
used as a reference electrode and a counter electrode, respectively. The graphite substrate (1 cm2 ) was 
used as the current collector. All the electrochemical measurements were carried out using a 1 M 
H2SO4 aqueous electrolyte. The gravimetric capacitance was calculated using cyclic voltammetry per 
the following equation: 
C =
1
𝑚𝑠(𝑉𝑓−𝑉𝑖)
∫ 𝐼(𝑉)𝑑𝑉
𝑉𝑓
𝑉𝑖
  (1) 
where ‘Cg’ is gravimetric capacitance (F g-1 ), ‘s’ is the potential scan rate (V s-1 ), V is the potential 
window (V), I is current (A), ‘t’ is discharge time (s), ‘m’ is the mass of the active material (g). In two-
electrode measurements, the separator was a Whatman glass microfiber filter paper soaked in the 
electrolyte. The stainless steel coin was used as the current collector. The gravimetric and volumetric 
capacitance values were calculated using galvanostatic charge–discharge curves per the following 
equation: 
C𝑔 =
𝐼×∆𝑡
𝑀×∆𝑉
     (2) 
 
C𝑣 = 𝐶𝑔 × 𝜌     (3) 
where ‘Cg’ is gravimetric capacitance (F g1 ), ‘Cv’ is volumetric capacitance (F cm-3), V is the potential 
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window (V), I is current (A), ‘t’ is discharge time (s), ‘M’ is the total mass of active materials on both 
electrodes (g), and r is the density of the active material (g cm-3). For the structural and dimensional 
details of my symmetric supercapacitor used for the present study please see the Table 2.2.1. 
Furthermore, the specific energy and specific power of the device are evaluated. The energy density 
(ED, W h cm-3) and power density (PD, W cm-3) were calculated using the following equations: 
ED =
1
2
𝐶𝑣𝑉
2
3.6
   (4) 
PD =
3600×𝐸𝐷
𝑡
   (5) 
Here ‘t’ is discharge time. In addition, gravimetric capacitance Csingle for a single electrode was 
calculated from the discharge curve in a two-electrode cell as follows:10 
C𝑠𝑖𝑛𝑔𝑙𝑒 =
4𝐼∆𝑡
𝑀∆𝑉
   (6) 
where ‘I’ is the constant current (A), ‘M’ is the total mass of active materials on both electrodes (g), 
‘∆t’ is the discharge time (s) and ‘∆V’ is the voltage change during the discharge process (V). The 
surface normalized capacitance CSA (mF cm-2 ) was estimated from: 
C𝑆𝐴 =
𝐶𝑠𝑖𝑛𝑔𝑙𝑒
𝑆
× 100  (7) 
where S is the specific surface area (m2 g-1 ) derived from the N2 adsorption and Csingle is the gravimetric 
capacitance (F g-1 ). 
 
Table 2.2.1. Details of device configuration in the HS test cell. Reproduced with permission from ref 
[26]. Copyright 2016, The Royal Society of Chemistry. 
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2.3 Results and discussion 
 In order to maintain good uniform size of the ZIF-8 derived carbon particles, the solutions for 
synthesizing ZIF-8 crystals were cooled down before mixing them together, because it is very crucial 
to control the synthesis temperature (please see the Experimental section). Using this approach, the 
uniformity of ZIF-8 particles can be improved, and thus, the average size of the ZIF-8 particles that I 
obtained was about 1.5 mm (Fig. 2.3.1). Then, nanoporous carbons were prepared by direct calcination 
of ZIF-8 powder under a flow of nitrogen gas at different temperatures, such as 700, 800, 900, and 
1000 oC, respectively. These samples were denoted as S-700, S-800, S-900, and S-1000, respectively. 
 
Figure 2.3.1 SEM image of ZIF-8 particles. Reproduced with permission from ref [26]. Copyright 
2016, The Royal Society of Chemistry.  
The degree of graphitization of the carbon samples was characterized using powder X-ray diffraction 
(XRD) patterns and Raman spectra, which are shown in Fig. 2.3.2. From the wideangle XRD patterns 
(Fig. 1a), it is clear that all the carbon samples exhibit two broad diffraction peaks at 251 and 441, 
which correspond to the identical signals of amorphous carbon.11 The appearance of broad peaks 
indicates the formation of amorphous carbon in all the carbon samples. Investigation of the local 
structure was conducted by Raman spectroscopy. The Raman spectra of all the obtained carbon 
samples areshown in Fig. 2.3.2b, and they exhibit D and G bands centered at 1355 cm-1 and 1585 cm-
1 , respectively, arising from the sp3-bonded carbon structures or defects (D band) and the vibration 
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mode of sp2-bonded carbon in a single graphitic sheet (G band). The G band is a characteristic feature 
of graphitic layers, while the D band corresponds to disordered carbon or defective graphitic structures. 
In my carbon samples, the relative intensity ratio of the D band to the G band (ID/IG) gradually 
increased from S-700 to S-1000, indicating that large amounts of defects are generated with higher 
calcination temperature. In other reports, however, with higher temperature, ID/IG is decreased because 
of the successful formation of graphitic carbon.12 This may be due to the effect of catalytic 
graphitization of amorphous carbon by such metal elements as cobalt, nickel, and iron.13 Other reports 
have shown that amorphous carbon obtained in various ways featured increasing ID/IG with elevated 
temperature.14 Thus, it can be suggested that the highly-developed disordered carbon composition 
resulted from a higher calcination temperature. The elemental mapping shown in Fig. 2.3.3 shows that 
the carbon and nitrogen contents are uniformly dispersed throughout all the carbon samples, and the 
zinc species is not detected. 
 
Fig. 2.3.2 (a) Wide-angle XRD patterns and (b) Raman spectra of nanoporous carbon obtained by 
heating the ZIF-8 particles at different temperatures. The ID/IG ratios for the samples are shown. 
Reproduced with permission from ref [26]. Copyright 2016, The Royal Society of Chemistry. 
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Figure 2.3.3 High-angle annular dark-field scanning TEM (HAADF-STEM) images, elemental 
mapping (carbon and nitrogen) of nanoporous carbon samples calcined at various temperatures. The 
scale bars are 500 nm in length. Reproduced with permission from ref [26]. Copyright 2016, The Royal 
Society of Chemistry. 
In order to understand the details of the contents and band structures of carbon and nitrogen in all 
the samples, I collected and analyzed the X-ray photoelectron spectroscopy (XPS) data very carefully 
(Fig. 2.3.4 and Fig. 2.3.5). As shown in Fig. 2.3.4a, the C 1s spectrum of S-900 can be deconvoluted 
into six peaks.15 The C1 and C2 peaks are assigned to an sp2-hybridized graphite-like carbon structure 
and an sp3-hybridized carbon, respectively. The C3 peak is assigned to C atoms directly bonded to 
oxygen in the hydroxyl configuration (C–OH). The C4 peak is ascribed to C–N bonds. The small peaks 
(C5 and C6) are related to carboxyl groups and the π–π* electronic transition, respectively. In Fig. 
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2.3.4b the enlarged N 1s spectrum of S-900 can be deconvoluted into four peaks.16 The N1 peak 
corresponds to pyridinic-N, that is, one nitrogen atom bonded to two C atoms in a hexagonal ring. The 
N2 peak corresponds to pyrrolic-N. The N3 peak representsquaternary nitrogen, which refers to 
graphitic nitrogen that is located inside the graphitic carbon framework. The N4 peak at the highest 
binding energy corresponds to N-oxides of pyridinic-N. In Fig. 2.3.4c, from S-700 to S-1000, the C1 
and C2 peaks both increase, suggesting that both sp2 and sp3 carbons were successfully formed at 
higher calcination temperature. The C2/C1 ratios increase gradually, which coincides with the Raman 
data (Fig. 2.3.2). 
 
Fig 2.3.4 Typical XPS spectra: (a) deconvoluted C 1s spectrum and (b) deconvoluted N 1s spectrum 
of S-900; (c) variation of the atomic ratios of C1 (sp2) and C2 (sp3) among all the samples, respectively. 
Reproduced with permission from ref [26]. Copyright 2016, The Royal Society of Chemistry. 
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Figure 2.3.5 (a) Deconvoluted C 1s spectra of NPCs obtained with different carbonization temperature, 
(b) deconvoluted N 1s spectra of NPCs obtained with different carbonization temperatures. 
Reproduced with permission from ref [26]. Copyright 2016, The Royal Society of Chemistry. 
From the XPS analysis, the proportions of carbon from S-700 to S-1000 were calculated to be 
67.7 at% (S-700), 77.9 at% (S-800), 82.9 at% (S-900), and 90.3 at% (S-1000), respectively. To date, 
considerable research has been done on such carbons, and it is well known that heteroatoms and 
functional groups that are present in a carbon matrix change the electron/donor characteristics of the 
carbon electrode material, including nitrogen species.17 In particular, nitrogen-doped carbon materials 
present extraordinarily high capacitance, due to the pseudocapacitance obtained from the nitrogen 
content. Thus, it was found that the nitrogen content in my samples ranges from 14.2 at% (S-700) to 
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13.6 at% (S-800), 11.9 at% (S-900), and 3.5 at% (S-1000). Among all the samples, S-900 has high 
contents of both carbon and nitrogen. The detailed components of all the samples are listed in Table 
2.3.1. 
 
Table 2.3.1 The proportion of different element contents analyzed by XPS analysis. Reproduced with 
permission from ref [26]. Copyright 2016, The Royal Society of Chemistry. 
As observed in the SEM and TEM images in Fig. 2.3.6, the obtained nanoporous carbon retains 
a typical crystal morphology with polyhedral-shaped structures, similar to that of the parent ZIF-8 (Fig. 
2.3.1), clearly indicating that the carbon content of ZIF-8 alone is sufficient for the formation of the 
carbon materials. The smooth surface on the carbon particles does not show any cracks or voids. The 
details of the porous structure were characterized by high resolution TEM. As shown in Fig. 2.3.6, all 
the carbon samples contained distinct pores, which are circled by white dashed lines in the figure. 
There were no remaining zinc particles, which indicates my success in removing metal species by acid. 
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Figure 2.3.6 SEM images (a-1, a-2, a-3, a-4), TEM images (b-1, b-2, b-3, b-4), and HRTEM images 
(c-1, c-2, c-3, c-4) of nanoporous carbon calcined at different temperatures: (1) S-700, (2) S-800, (3) 
S-900, and (4) S1000. The circled areas in (c) mark the pores. Reproduced with permission from ref 
[26]. Copyright 2016, The Royal Society of Chemistry. 
Nitrogen adsorption–desorption isotherms for my nanoporous carbon and activated carbon 
samples are shown in Fig. 2.3.7. The isotherms for all the samples are close to type I isotherms with 
sharp uptake slopes at low relative pressure (P/P0 < 0.15). The gradual uptake in the relative pressure 
range from 0.3 to 0.9 suggests that the porous structure probably mainly consists of micropores with 
some mesopores (indicated by circles in Fig. 2.3.6). The surface areas, the pore volumes, and the ratios 
of micropores are summarized in Table 2.3.1. The surface areas calculated by the Brunauer–Emmett–
Teller (BET) method are 1032, 1678, 1823, 1591, and 2370 m2 g-1, for S-700, S-800, S-900, S-1000, 
and activated carbon (AC), respectively. The pore size distribution calculated by non-localized density 
functional theory (NLDFT) is shown in Fig. 2.3.8. The percentages of micropore volume (Vmicro) for 
all the samples are calculated using the t-plot method, which is shown in Fig. 2.3.9. From the results, 
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the highest carbonization temperature (900 oC) leads to the highest surface area and the highest pore 
volume compared to the other carbonization temperatures. On the other hand, the S-700 sample shows 
the lowest specific surface area, indicating that the heat-treatment was not sufficient to carbonize ZIF-
8 into highly porous carbon, so the carbon network may not be fully developed (as mentioned above, 
the proportion of carbon for S-700 is 67.7%). The S-1000 sample possesses lower specific surface area 
and smaller pore volume than the S-900 sample, suggesting that the sample partially shrinks and 
deforms when the carbonization temperature is increased.9 
 
Figure 2.3.7 Nitrogen adsorption-desorption isotherms for (a) S-700, (b) S-800, (c) S-900, (d) S-1000, 
and (e) activated carbon (AC). Reproduced with permission from ref [26]. Copyright 2016, The Royal 
Society of Chemistry. 
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Figure 2.3.8 Pore size distribution curves calculated by the NLDFT method of S-700, S-800, S-900, 
S-1000, and activated carbon (AC). Reproduced with permission from ref [26]. Copyright 2016, The 
Royal Society of Chemistry. 
 
Figure 2.3.9 The t-plot curves for (a) S-700, (b) S-800, (c) S-900, (d) S-1000, and (e) activated carbon 
(AC). Reproduced with permission from ref [26]. Copyright 2016, The Royal Society of Chemistry. 
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Table 2.3.2 Surface areas, pore volumes, micropore volumes, and percentages of micropores for 
nanoporous carbons prepared at various temperatures. Reproduced with permission from ref [26]. 
Copyright 2016, The Royal Society of Chemistry. order to investigate the electrochemical performance 
of the carbon samples, I first tested them in the standard threeelectrode system in H2SO4 electrolyte. 
Cyclic voltammetry (CV) measurements of S-700, S-800, S-900, and S-1000 were carried out within 
the potential window of 0.0 V to 0.8 V, as is shown in Fig. 2.3.10 a-d. From the cyclic voltammetry 
measurements (Fig. 2.3.11a), the specific capacitance values at the scan rate of 5 mV s-1 for the S-700, 
S-800, S-900, and S-1000 samples were found to be 16, 167, 219, and 154 F g-1 , respectively (Fig. 
2.3.11). The S-700 sample has very low capacitance, which might be due to the low carbon content of 
this sample. Among all the samples, the S-900 sample yielded CV scans with a well-developed 
rectangular shape and the highest specific capacitance value. Moreover, it features a high capacitance 
retention of 52% (~109 F g-1 ), even at the high scan rate of 500 mV s1 , which is very demanding for 
electrical double layer capacitors (EDLCs) (Fig. 2.3.11 and Fig. 2.3.10e). 
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Figure 2.3.10 (a-d) Cyclic voltammograms of (a) S-700, (b) S-800, (c) S-900, and (d) S-1000 
electrodes at various scan rates in the scanning range from 5 to 500 mV s-1 . All measurements were 
conducted in the three electrode system with 1.0 M H2SO4 electrolyte. (e) Capacitance retention of all 
the samples at various scan rates. Reproduced with permission from ref [26]. Copyright 2016, The 
Royal Society of Chemistry. 
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Fig 2.3.11 (a) CV curves at a scan rate of 5 mV s-1 ; (b) surface areas (left y-axis), pore volumes (inner 
right y-axis), and percentage of micropores (outer right y-axis); and (c) capacitance at various scan 
rates for S-700, S-800, S-900, and S-1000 samples. Reproduced with permission from ref [26]. 
Copyright 2016, The Royal Society of Chemistry. 
As shown in Table 2.3.2 and Fig. 2.3.11b, the S-900 sample has a hierarchical meso- and 
microporous structure with the highest surface area and the largest pore volume, giving rise to better 
capacitance performance compared with the other samples. A previous report has demonstrated that 
abundant micropores can provide high surface area, resulting in large capacitance and high energy 
density.18 On the other hand, mesopores also play an important role as pathways for rapid ion diffusion 
and mass transfer, and thus provide higher capacitance.19  
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The influence of mass loading on the capacitance was investigated. I deposited the S-900 sample 
with different mass loadings of 0.5, 1.0, 1.5, and 2.0 mg cm-2 on the electrodes, respectively. As shown 
in Fig. 2.3.12, in the range of low scan rates, the capacitance of all the samples shows similar 
performance. As the scan rate increases, the capacitance of the samples with a mass loading of 2 mg 
cm-2 decreases. In fact, with less mass loading, the retention of capacitance is better. Therefore, I can 
conclude that as the sample thickness increases, the specific capacitance decreases due to the delay of 
ion transport into nanoporous carbon. In order to reach the highest specific capacitance, it is necessary 
to maintain the thin thickness and thus enhance the transport of electrons and ions in the electrode 
materials. 
With a view towards practical use, I fabricated symmetric supercapacitor cells (SSCs) by using 
S-800, S-900, S-1000, and activated carbon for comparison purposes. The S-700 sample was omitted 
because of its relatively poor electrochemical performance in a three-electrode system (Fig. 2.3.11c). 
I employed both positive and negative electrodes with similar charge capacities when separated by the 
separator and installed in the HS test cell (Fig. 2.3.13a). The cyclic voltammetry studies were carried 
out in various progressively increasing potential windows, ranging from 0.8 V to 1.4 V, in order to 
understand the capacitive behavior of the electrodes and to explore the maximum possible potential 
window of this material. It was found that a mirror-symmetric and stable CV shape could be obtained 
for the S-900 supercapacitor cell within the potential window of 0.0 to 1.4 V (Fig. 2.3.14). Above the 
potential of 1.4 V, the CV curve shows a distortion and a slight hump at around 1.4 V. This indicates 
that some irreversible reactions occur when the potential window is higher than 1.4 V. Thus, 1.4 V was 
fixed as the maximum potential window for these materials. 
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Fig. 2.3.13 Device performance in aqueous electrolyte. (a) Schematic diagram of the HS test cell and 
the ion size of sulfuric acid,20 (b and c) cyclic voltammograms and discharge curves of S-900, (d) 
gravimetric capacitance, (e) volumetric capacitance, (f) volumetric capacitance retention from 0.1 A 
g-1 to 2 A g-1 , and (g) surface area normalized capacitance (CSA) of S-800, S-900, S-1000, and AC. 
Reproduced with permission from ref [26]. Copyright 2016, The Royal Society of Chemistry. 
Figure 2.3.14 Cyclic voltammograms of S-900 samples at progressively increased potential windows 
ranging from 0.8V to 1.0 V. Reproduced with permission from ref [26]. Copyright 2016, The Royal 
Society of Chemistry. 
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 Among all the carbon samples, S-900 shows the highest performance, and its CV shape and 
galvanostatic discharge profiles are shown in Fig. 2.3.13b and c, respectively. From the galvanostatic 
charge–discharge measurements, the capacitance value at 0.1 A g-1 was found to be 40.8, 53.8, 35.0, 
and 56.6 F g-1 (or 17.9, 23.6, 15.4, and 22.6 F cm-3 ) for S-800, S-900, S-1000, and AC, respectively 
(Fig. 2.3.13d and e and Fig. 2.3.15). The capacitance value obtained for S-900 is comparable to that 
of commercially available activated carbon (AC), even though the surface area of AC is much higher 
than that of S-900. Fig. 2.3.13d and e are based on direct observations of the gravimetric and 
volumetric capacitance of all the carbon samples at different current densities. To clearly show the 
gravimetric and volumetric capacitances in SSCs from 0.1 A g-1 to 2 A g-1 , the enlarged figure is shown 
in Fig. 2.3.16. I found that, at low current density, AC and S-900 performed the best, and were then 
followed by S-800 and S-1000. Conversely, at high current densities, the performance of AC decreased 
drastically. 
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Figure 2.3.15 Cyclic voltammograms (left) and discharge curves (right) in SSCs with (a) S-800, (b) 
S-1000, and (c) AC, respectively. Reproduced with permission from ref [26]. Copyright 2016, The 
Royal Society of Chemistry. 
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Figure 2.3.16 (a) Gravimetric and (b) volumetric capacitances in SSCs at various current densities 
from 0.1 A g-1 to 2 A g-1. Reproduced with permission from ref [26]. Copyright 2016, The Royal 
Society of Chemistry. 
 The capacitance retention at higher current densities is an important factor for high-performance 
supercapacitors. As shown in Fig. 2.3.13f, the capacitance retention of all the samples has been 
calculated for current densities from 0.1 to 2 A g-1 (20 times higher), which is 39.9, 65.1, 73.9, and 
51.2% for S-800, S-900, S-1000, and AC, respectively. Thus, S-900 hashigher capacitance and better 
capacitance retention than AC, which is favored by its high content of mesopores. Obviously, the 
micropores do not allow sufficient time to release charge effectively at high scan rates, which leads to 
decreased capacitance.21 To illustrate the dependence of capacitance on the surface area, the surface 
area normalized capacitance was calculated at current densities of 0.1 A g-1 and 2 A g-1 (Fig. 2.3.13f). 
For S-800, S-900, S-1000, and AC at a current density of 0.1 A g-1 , the surface area normalized 
capacitance is 9.72, 11.80, 8.79, and 9.56 mF cm-2 , respectively. At higher current density, the 
difference becomes more critical. S-900 exhibits the highest value, which might be due to a higher 
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content of mesopores and appropriate carbon contents in S-900. The ions can be more easily 
transported from the electrolyte through mesopore pathways to the micropores. Thus, these data 
demonstrate good utilization of the pore architecture as an energy storage device. As seen in Table 
2.3.2 and Fig. 2.3.11, both S-800 and S-1000 have similar surface areas and pore volumes. Therefore, 
the initial capacitance at low current density is almost the same. An interesting point is that the 
capacitance retention of S-800 is less (Fig. 2.3.13f and g), although the micropore volume of S-800 
(54.7%) is smaller than that of S-1000 (66.7%), which is in contrast to the above-mentioned idea. It is 
indicated that not only is the pore architecture important, but the electrical conductivity is also crucial 
for supercapacitance retention (the carbon content in the S-800 and S-1000 samples are 77.9 at% and 
90.3 at%, as shown in Table 2.3.1). To evaluate the supercapacitor performance of my SSC, the energy 
density and power density were calculated and plotted in a Ragone plot, as shown in Fig. 2.3.17. In 
Fig. 2.3.17b, a direct comparison of my symmetric capacitor device performance with other reports in 
the literature shows that my nanoporous carbon has comparable characteristics as a symmetric 
supercapacitor cell,8d,22–25 and it features a high energy density of 6.44 mW h cm-3, corresponding to a 
power density of 0.031 W cm-3, at a current density of 0.1 A g-1. At 15 A g-1, the power density increases 
to 4.61 W cm-3, corresponding to an energy density of 1.91 mW h cm-3. Therefore, my materials 
prepared using a facile and direct synthesis approach show good specific energy and specific power, 
as well as high capacitance retention, which opens up new pathways for researchers to explore high-
performance electrochemical energy storage devices based on MOF-derived carbon materials. 
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Fig. 2.3.17 (a) Ragone plot for comparison of energy density and power density for S-800, S-900, S-
1000, and AC. (b) Ragone plot for comparison of my supercapacitor cells with various previously 
reported materials in different electrolyte systems: (1) commercial activated carbon,22 (2) laser scribed 
graphene,23 (3) vitamin reduced graphene oxide,24 (4) lithium batteries,25 (5) electrolytic capacitors,25 
(6) commercial supercapacitors,25 and (7) my previously reported NPC.8d Reproduced with permission 
from ref [26]. Copyright 2016, The Royal Society of Chemistry.
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2.4 Conclusions 
Nanoporous carbons with high surface areas and attractive pore size distributions were prepared 
by direct carbonization of zeolitic imidazolate framework (ZIF-8) at various temperatures. From the 
surface area normalized capacitance performance, it was found that the nanoporous carbon, featuring 
extraordinary surface area with an optimized micropore/mesopores ratio, could achieve high 
capacitance performance in aqueous electrolyte. These studies reveal that, in the case of aqueous 
electrolytes, the micropores are not as effective as in aqueous electrolytes at achieving high capacitance 
and high capacitance retention. As shown in Fig. 2.3.13, the ion sizes of H+ and SO4
2- are 0.028 and 
0.24 nm, respectively. At higher scan rate, these ions cannot intercalate or de-intercalate the deep pores 
effectively. Therefore, adequate micro/mesoporous architectures are crucial for reaching the desired 
performance, especially at high current densities. 
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Chapter 3 
Significant Effect of Pore Sizes on Energy Storage in 
Nanoporous Carbon Supercapacitors
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3.1 Introduction 
 Electrochemical supercapacitors are useful in many applications because they can deliver energy 
at higher rates than batteries while maintaining their specific power. However, the relatively low 
specific energies of supercapacitor devices remain a challenge that must be overcome.1 The specific 
energy is given by the formula shown in Equation (1), in which E is the specific energy, C is the 
specific capacitance (F g-1), and V is the operation window (V). 
𝐸 =
1
2
𝐶𝑉2 
C is determined by the dielectric properties of the electrode material and reflects its ability to 
accommodate charge and obtain higher specific energy values. Enlarging V is also a common strategy 
to improve the specific energy, typically by using different electrolytes. The practical operating voltage 
of aqueous electrolytes is approximately 1.0–1.3 V, as H2/O2 evolution reactions occur at around 1.23 
V. In organic electrolyte, V can be expanded to approximately 2.5–2.8 V depending on the ion size of 
the electrolytes.2 
The high electrical conductivity, high surface area, and low cost of porous carbon materials make 
them ideal electrodes in electrochemical supercapacitor devices. In general, porous carbon materials 
are classified into three categories according to their pore size: macroporous (>50 nm), mesoporous 
(2–50 nm), and microporous (<2 nm) materials.3 A higher porosity yields higher surface areas, 
providing one of the key characteristics for high-performance electrochemical supercapacitors. 
Therefore, it is logical to assume that porous materials with high surface areas will yield more active 
sites for adsorption/desorption reactions and ion/electron transport in electrochemical applications.4,5 
However, high-surface-area carbon electrodes tend to be more complex, and other factors play a 
role in determining the capacitance. For example, in some cases, micropores cannot bear the relatively 
high loading of electrolyte guest species that mesopores can accommodate. This can lead to internal 
strain and degradation of energy storage with repeated charge/discharge cycles.3 As a result, 
mesoporous carbon architectures are suitable candidates for exploring supercapacitor performance 
Chapter 3 
 
63 
 
with various kinds of electrolytes, and have been a fruitful area of research for decades. 
Numerous methods exist for the synthesis of mesoporous carbon architectures. Strategies include 
the use of soft-template, hard-template, and template-free methods, biomass-derived carbons, 
architectures derived from reticular chemistry, and so on.6,7 In the soft-templating approach, surfactant 
molecules and polymeric sources are co-assembled into ordered mesostructures.8-10 Inorganic 
templates (e.g., silica, alumina) are also used as hard-templates for the preparation of porous carbons.8-
10 Metal-organic frameworks (MOFs) and covalent organic frameworks (COFs) are highly ordered 
materials that can be decomposed into highly porous carbon materials.11 Biomass resources derived 
from the cellulose/lignin of plants and other agricultural wastes can be also converted into activated 
porous carbons that generate relatively low total impact on the environment during their lifecycle.12-14 
Many decades of research has been devoted to explaining the relationship between porosity and 
supercapacitor performance.15-18 Although various carbon materials have been tested, to my 
knowledge there are no reports that systematically study a large swath of porous carbon sample side 
by side. In this chapter, I describe the properties of 13 porous carbon samples synthesized using various 
methods. I propose that there is a threshold of the pore size (so-called “critical pore size”, P) at which 
guest molecules can pass through and effectively navigate the porous network. Through careful 
investigation of both the specific surface area (SSA) and pore size distribution (PSD) of various 
samples, I demonstrate the point at which the pore size crosses the threshold of critical size. My 
findings provide a simple and quick optimization method for the fabrication and development of new 
carbon materials for industrial applications. 
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3.2 Experimental Sections 
3.2.1 Synthesis.  
Sample A (Coal tar-derived activated carbon): Coal tar (1 g) was first pre-carbonized under a nitrogen 
atmosphere at 600oC for 2 h to form chars. The sample was washed three times with acetone, ethanol, 
and water, and then ground together with KOH pellets (at a mass ratio of 1:1), put in a furnace under 
a nitrogen atmosphere, heated to 800oC (ramp rate: 2 oC min-1), and held at that temperature for 2 h. 
The final sample was obtained by washing with HCl and water.  
Sample B (Jute-derived carbon #1): Jute (1 g) was ground with a mortar and pestle into tiny fibrous 
pieces and then washed three separate times with acetone, ethanol, and water. The sample was placed 
in a furnace under a nitrogen atmosphere, heated to 800oC (ramp rate: 2 oC min-1), and held at that 
temperature for 2 h. 
Sample C (Jute-derived carbon #2): Jute (1 g) was ground with a mortar and pestle into tiny fibrous 
pieces and then washed three separate times with acetone, ethanol, and water. The sample was placed 
in a furnace under nitrogen, heated to 800 oC (ramp rate: 2 oC min-1), and held at that temperature for 
2 h. The sample was activated by grinding it together with KOH (1:1 mass ratio), after which it was 
heated to 700 oC (ramp rate: 2 oC min-1) and held at that temperature for 2 h. The final sample was 
washed with HCl and water prior to use.  
Sample D (Jute-derived carbon #3): Jute (1 g) was ground with a mortar and pestle into tiny fibrous 
pieces and then washed three separate times with acetone, ethanol, and water. The sample was placed 
in a furnace under nitrogen, heated to 800oC (ramp rate: 2 oC min-1), and held at that temperature for 
2 h. Finally, the obtained carbon was activated by grinding it together with KOH (1:1 mass ratio) and 
then heating at 800 oC for 2 h. The final sample was washed with HCl and water prior to use.  
Sample E (Porous carbon nanosheets): The preparation of this sample followed an existing method.19 
Zinc nitrate hexahydrate (11.9 g) was dissolved in distilled water (200 mL) and the pH was changed 
gradually to 7.0 with 0.5m NaOH solution. The resulting precipitate was dried overnight. The 
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precipitate (1 g) was suspended in 0.5m gallic acid (250 mL) and then stirred vigorously for 2 h at 
room temperature (RT) under nitrogen. Next, the sample was heated (again under nitrogen) to 950 oC 
(ramp rate: 5 oC min-1) and held at that temperature for 2 h. The final sample was washed with HCl 
and water prior to use.  
Sample F (MXene-derived carbon): According to a previous paper,20 Ti3AlC2 powder (2 g) was 
suspended in HF solution (25 mL; 40 wt%) at RT for 24 h. The resulting precipitate was washed 
thoroughly with deionized water to form the MXene, then dried under vacuum at RT for two days. The 
dried MXene was placed into a horizontal quartz tube furnace, which was then purged with argon and 
heated to 900 oC. Subsequently, it was exposed to dry chlorine gas for 2 h. After chlorination, the 
samples were held at 600 oC for 2 h under flowing ammonia gas to remove residual chlorine and 
chlorides trapped in the pores.  
Sample G (Porous carbon prepared from CaCO3 #1): According to previous paper,
21 0.33 M of 
Na2CO3 solution and 0.033 M of CaCl2 solution were dissolved in 100 ml deionized water. Dopamine 
hydrochloride was dissolved in 10 mM Tris(hydroxymethyl)aminomethane solution and the pH was 
adjusted to 8.5. This solution was mixed by vigorous stirring for 24 hours. The sample was separated 
by centrifugation and the resulting CaCO3-polydopamine composite was then heated under nitrogen 
at 800 oC (ramp rate: 2 oC min-1) and held at that temperature for 2 hours. Subsequently, the final 
sample was washed with HCl and water prior to use.  
Sample H (Porous carbon prepared from CaCO3 #2): The synthesis method was similar to that of 
Sample G except that the CaCO3-polydopamine composite was heated under nitrogen at 800 
oC 
(ramp rate: 5 oC min-1) and held at that temperature for 2 h. 
Sample J (Soft-templated mesoporous carbon #1): According to a previous paper,23 phenol (0.61 g) 
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was melted in a flask at 40-42 oC and mixed with NaOH aqueous solution (0.13 g; 20 wt%) under 
stirring. After 10 min, formalin (1.05 g; 37 wt% formaldehyde) was added dropwise and the sample 
was held below 50 oC. Upon further stirring for 1 h at 70–758C, the mixture was cooled to RT and the 
pH was adjusted to approximately 7.0 with HCl solution. The water was removed by vacuum 
evaporation below 50 oC, and the final product was dissolved in ethanol (20 wt% resol-ethanol 
solution). Pluronic F127 (0.5 g) was added to this resol-ethanol solution (5.0 g; 20 wt%). After stirring 
at RT for 10 min, the sample was dried under ambient conditions for 4 h; this was followed by thermal 
treatment at 120 oC for 24 h. The resulting samples were obtained after pyrolysis for 3 h at 350 oC 
(ramp rate: 1 oC min-1). Mesoporous carbon was obtained after carbonization under nitrogen at 800 oC 
(ramp rate: 1 oC min-1) and holding at that temperature for 2 h. 
Sample K (Soft-templated mesoporous carbon #2): According to a previous paper,24 the mesoporous 
carbon was prepared through a simple method using atom-transfer radical polymerization. Typically, 
the resol precursor (2.0 g, containing 0.25 g phenol and 0.15 g formaldehyde) was added to 
tetrahydrofuran (THF) solution (5.0 g, containing 0.1 g PEO125-b-PS230 copolymer) and then stirred 
to form a homogeneous solution. The solution was poured into a dish to evaporate ethanol at RT in 
about 5-8 h, then heated in an oven at 100 oC for 24 h. The product was removed from the dish and 
ground into a fine powder. The obtained sample was calcined at 800 oC for 3 h under nitrogen to obtain 
the mesoporous carbon. 
Sample L (Ordered mesoporous carbon prepared from carbon-silica nanocomposite #1): According 
to a previous paper,25 block copolymer F127 (1.6 g) was dissolved in ethanol (20.0 g, containing 1.0 g 
of 0.1M HCl solution). The sample was stirred for 1 h at 40 oC to make a clear solution. Then, 
tetraethoxysilane (TEOS; 2.0 g) was dissolved in this solution. Next, resol-ethanol solution (5.0 g; 20 
wt%) was added to the solution, which was then stirred for 1 h at RT. All three components of the 
sample were assembled during this one-step process. The assembled mixture was transferred to a dish 
and dried for 1 h at RT. After evaporation of the ethanol, thermal polymerization was conducted at 100 
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oC for 24 h in an oven. The resulting thin film was removed from the dish, carbonized under nitrogen 
at 350 oC (ramp rate: 1 oC min-1), and held at that temperature for 3 h, then at 800 oC (ramp rate: 5 oC 
min-1), holding at that temperature for 2 h. The resulting carbon-silica composites were immersed in 
HF solution (10 wt%) for 24 h to remove the silica, and then washed with water. 
Sample M (Ordered mesoporous carbon prepared from carbon-silica nanocomposite #2): The 
synthetic approach was similar to that for Sample L. Block copolymer F127 (1.6 g) was dissolved in 
ethanol (8.0 g, containing 1.0 g of 0.2m aqueous HCl). The sample was stirred for 1 h at 40 oC to make 
a clear solution. Next, TEOS (2.0 g) and resol-ethanol solution (5.0 g; 20 wt%) were added sequentially 
to the solution, which was then stirred for 2 h. The mixture was transferred to a dish and dried for 1 h 
at RT. After total evaporation of the ethanol, thermal polymerization was conducted at 100oC for 24 h 
in an oven. The resulting thin film was removed from the dish and carbonized under nitrogen at 350 
oC (ramp rate: 1 oC min-1), holding at that temperature for 3 h, then at 900 oC (ramp rate: 5 oC min-1), 
holding at that temperature for 2 h. The resulting carbon-silica nanocomposites were immersed in HF 
solution (10 wt%) for 24 h to remove the silica, and then washed with water. 
3.2.2 Electrochemical characterization 
 The electrochemical measurements were performed with a 2032-type coin-cell supercapacitor 
device. Both positive and negative electrodes were installed using the same active materials. A 10 mm 
diameter aluminum plate served as the current collector. The electrode material consisted of 80 wt% 
active material, 15 wt% conductive agent, and 5 wt% PTFE. SBPBF4 (2M) in SL/DMS (9:1 vol/vol) 
solution served as the electrolyte. Galvanostatic charge/discharge curves of all carbon samples were 
measured at a current density of 0.4 mA cm-2 during the first ten cycles. The discharge curve of the 
tenth cycle was used to calculate the capacity using the formula C=I× ∆t/(m× ∆V), in which C is the 
capacity (mA hg-1), I is the current (mA), ∆t is the time (h), m is the mass (g) of the material contained 
in both electrodes, and ∆V is the operating voltage (V).  
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3.3 Results and Discussion 
 The preparation of the various porous carbon materials prior to characterization is described in 
detail in the Experimental Section. Initially, the surface morphology of the materials was investigated 
with a scanning electron microscope (SEM, Hitachi S-4800) at an accelerating voltage of 5 kV (Figure 
3.1). Samples A–D were derived from biomass materials using various approaches. Sample E was 
synthesized by using zinc layered hydroxide nitrate as a layered template.19 Sample F was prepared 
from MXene.20 Samples G and H were prepared from CaCO3 precursors.
21 Samples I–M were 
synthesized through a soft-templating method by which the surface areas could be tuned according to 
the synthetic conditions.22–25 
 
Figure 3.1 a–m) SEM images of Samples A–M, respectively. Reproduced with permission from ref 
[31]. Copyright 2018, Wiley-VCH. 
Nitrogen (N2) adsorption/desorption isotherms were collected for all materials to determine the 
porosity of the carbon samples (Autosorp operated at 77 K). The SSAs and PSDs were analyzed by 
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density functional theory (DFT), and the details are summarized in Table 3.1. The isotherms and PSDs 
are shown in Figure 3.2. Samples A, C, and D possessed relatively high surface areas. However, 
whereas Sample A had an SSA of 1921 cm2g 1, its volume was composed of around 60.5% micropores. 
On the other hand, Samples C, D, F, H, I, L, and M were composed of <10% micropores, suggesting 
a high concentration of mesopores. 
 
 
Table 3.1 Surface areas (S), pore volumes (V), micropore volume (Vmicro) and percentages of 
micropores (Vmicro/V) for all prepared-samples. S and V are calculated by DFT method. Vmicro is 
calculated by t-plot. Here note that micorpore is smaller than 2 nm. Reproduced with permission 
from ref [31]. Copyright 2018, Wiley-VCH. 
Samples S 
(m2 g-1) 
V 
(cm3 g-1) 
Vmicro 
(cm3 g−1) 
Vmicro/V 
(%) 
A 1921 1.2286 0.7430 60.5% 
B 463 0.2533 0.0611 24.1% 
C 2007 1.6050 0.1429 8.9% 
D 1858 1.6212 0.1216 7.5% 
E 328 0.2445 0.0298 12.2% 
F 704 0.6117 0.0387 6.3% 
G 685 0.4517 0.0822 18.2% 
H 1547 1.2930 0.0931 7.2% 
I 802 0.8453 0.0615 7.3% 
J 753 0.4488 0.0828 18.4% 
K 708 0.4610 0.0619 13.4% 
L 540 0.6870 0.0092 1.3% 
M 1479 1.5924 0.0432 2.7% 
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Figure 3.2 (a) Nitrogen adsorption-desorption isotherms and (b) pore size distributions (PSDs) of all 
samples. Reproduced with permission from ref [31]. Copyright 2018, Wiley-VCH. 
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In general, several factors affect the performance of supercapacitors, including surface area, pore 
size, material morphology/shape, conductivity, surface chemistry, and the ion size of the electrolytes.26 
In addition, carbon materials usually show the highest capacitances at lower current densities. Porous 
carbon materials can experience a decline in capacitance owing to insufficient charging time, which 
limits ion penetration through the pores of bulky particles. 27, 28 To limit the influence of these various 
factors and focus on the influence of porosity, I performed my supercapacitor measurements at current 
densities of 0.4 mA cm-2. I used a coin-cell 2032-type supercapacitor device with a diameter of 20 mm 
and thickness of 3.2 mm. Both positive and negative electrodes were installed using the same active 
materials. A 10 mm diameter aluminum plate was used as the current collector. The electrode material 
consisted of 80 wt% active material, 15 wt% conductive agent, and 5 wt% PTFE. The electrolyte used 
was 2m SBPBF4 SL+DMS (9:1) solution. Galvanostatic charge/discharge curves of all carbon samples 
were measured. The first ten cycles were performed at the target current density of 0.4 mA cm-2, and 
the tenth cycle was used for the calculation of capacity (see the Experimental Section). 
All the discharge curves are linear in the whole discharge potential window, indicating nearly 
perfect capacitive behavior (Figure 3.3a). As shown in Figure 3b, samples C, D, F, and M show 
relatively high capacities (>30 mAhg 1), which may be attributed to their high SSAs in addition to a 
high concentration of mesopores according to the PSDs (Figure 2 b). Although Sample A had a high 
SSA compared with other samples, the capacity was only 18.31 mA hg-1, indicating that its high 
percentage of micropores negatively affects its performance. Overall, by comparing the capacities of 
these various carbon materials, I can see that the presence of mesopores is quite important. 
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Figure 3.3 (a) Galvanostatic charge-discharge curves of supercapacitors based on all the carbon 
samples in SBPBF4 electrolyte, at current density of 0.4 mA cm
-2. (b) The specific capacity of all 
carbon samples at 0.4 mA cm-2. (c) The total SSA and E-SSA at particular pore sizes for all the carbon 
samples. Reproduced with permission from ref [31]. Copyright 2018, Wiley-VCH.
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It is reasonable to assume that pores larger than the size of the electrolyte ion and its solvation 
shell area are necessary to obtain a high capacitance. On the basis of the above results, I propose that 
there is a threshold of the pore size (so-called “critical pore size”, P) that can adequately enable the 
electrolyte ions to pass through all the pores. From the obtained N2 adsorption isotherms, the 
distributions of cumulative surface area versus pore size were obtained (Figure 3.4). To find the critical 
pore sizes, P, I define here the “effective-SSA” (E-SSA, i.e., the surface area contributed from larger 
pores than the selected pore sizes), as explained in Figure 3.5. To find the real critical pore size (P), I 
calculated the E-SSAs by changing the selected pore sizes from 0.5 to 5 nm. It is known that the ionic 
radii of SBP+ and BF4
- are 0.43 and 0.227 nm, respectively, so a minimum P value of 0.5 nm is 
reasonable if taking into account both the ion size and its solvent shell.29, 30 As an example calculation 
of the E-SSA, Sample A has an SSA of 1921 m2 g-1, which results in E-SSA values of 1811 and 830 
m2 g-1 for P values of 0.5 and 1.0 nm, respectively. 
 
 
Figure 3.4 Distribution of cumulative surface areas versus pore size. Reproduced with permission 
from ref [31]. Copyright 2018, Wiley-VCH. 
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Figure 3.5 Definition of E-SSA using Sample A. As a case study, I select 1.0 nm as the selected pore 
size to determine the E-SSA. The total SSA of Sample A is 1921 m2 g-1. The E-SSA should be the 
surface area excluded the contribution from pores less than 1 nm. Reproduced with permission from 
ref [31]. Copyright 2018, Wiley-VCH. 
 
All the E-SSA values determined with different selected pore sizes are listed in Figure 3.3c. 
Figure 3.6 display the relationship between the E-SSA and the specific capacity for all carbon samples 
by tuning the selected pore sizes. The coefficient of determination (R2) was calculated from the slope 
of the fitting line. The R2 values are quite low if the selected pore sizes are set to 0 nm. Higher values 
result in better R2 values, gradually increasing to 0.747 at P=3.0 nm. At P>3.0 nm the R2 values begin 
to decrease, probably because mesopores larger than 3 nm in diameter enable SBP+ and BF4 to pass 
through the pores easily. Note that the slope of the fitting line of P=3 nm (Figure 3.6c) can be expressed 
as y=0.0996x+6.3345, in which x represents E-SSA and y represents specific capacity. If the E-SSA 
(x) is zero, the capacity is 6.3345 mA hg-1. Thus, it seems reasonable that less capacity derives from 
pores smaller than 3 nm, although the mesopores dominate the performance. 
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Figure 3.6 Relationship between the specific capacity and effective surface area (E-SSA) using (a) 0 
nm, (b) 0.5 nm, (c) 1.0 nm, (d) 1.5 nm, (e) 2.0 nm, (f) 2.5 nm, (g) 3.0 nm, (h) 3.5 nm, (i) 4.0 nm, (j) 
4.5 nm, and (k) 5.0 nm as the selected pore sizes (P). R2 is the coefficient of determination derived 
from the slope of the aggregate data. Reproduced with permission from ref [31]. Copyright 2018, 
Wiley-VCH.
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3.4 Conclusion 
 The performances of numerous porous carbon materials synthesized through various methods 
were tested in a supercapacitor device. I have demonstrated that there is a threshold of the pore size 
(critical pore size, P) that can adequately enable the electrolyte ions to pass through all the pores. The 
highest-performing materials can be targeted by optimizing the pore sizes. This approach to the 
characterization of porous carbon materials could open a new path for the design of carbon materials 
for supercapacitors, as testing is a relatively quick process. 
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Chapter 4  
High Energy Density Supercapacitors Composed of 
NiCo2O4 Nanoflakes on Nanoporous Carbon 
Nanoarchitectures
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4.1 Introduction 
 Many transition metal oxides are promising materials for supercapacitors because they possess 
high theoretical specific capacitances.1 Unfortunately, these materials often suffer from poor electrical 
conductivity, limiting their overall capacitance performance.2 It has been reported that mixed metal 
oxides (MMOs) can increase their electrical conductivity while simultaneously providing a range of 
potentially useful redox states.3 Among these MMOs, NiCo2O4 is an inexpensive conductor possessing 
the high electrochemical activity of both nickel and cobalt species.4 Although various morphologies 
of NiCo2O4 including nanotubes, nanowires, nanoparticles, microspheres have been explored,
4,5 two-
dimensional (2-D) nanoflakes are particularly useful in supercapacitor applications because they have 
a high electrochemically active surface area while providing an easy transport pathway for ions and 
electrons.6 On the other hand, carbon materials support high conductivities,7–9 but their capacitance is 
limited due to the electric double layer charge (EDLC) storage mechanism. There has been some effort 
to combine the high specific capacitance of metal oxide nanocomposites with the high conductivity of 
carbon to create hybrid materials for high-energy density supercapacitors.10–12 Unfortunately, the initial 
performance of these nanocomposites cannot be retained after a few thousands of cycles. 
Nanoarchitectures containing a 3-D carbon core are homogenous nanoporous templates for the 
creation of hybrid materials.13 These structures are good templates to achieve high energy density by 
utilization of the structural interconnectivity of the conducting channels, while maintaining good 
mechanical stability. However, activated carbons (3-D) and carbidederived carbons (3-D) are not ideal 
templates for hybrid architectures due to their irregular shape and complicated porous structure. 
Nanoporous carbon (NC) can be derived from metal–organic frameworks (MOFs) that possess high 
surface areas.14,15 
 Recently, my group developed a method to synthesize different 3-D porous carbon networks 
using MOF and polyaniline composites. Combining these materials together in a hybrid structure 
helped extend the life cycle of the device.16 I hypothesized that MOF-derived nanoporous carbon could 
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act as ideal templates for the creation of homogenous carbon–metal oxide composites due to their 
uniformity and low potential for aggregation. In this chapter, I describe a method to affix 2-D NiCo2O4 
nanoflakes on the 3-D NCs (Scheme 4.1). I show how these structures perform in symmetric and 
asymmetric supercapacitor devices. 
 
Scheme 4.1 Schematic illustration of the synthetic pathway of a novel NiCo2O4-NC hybrid material. 
The scale bar in the SEM image is 500 nm in length. Reproduced with permission from ref [32]. 
Copyright 2017, The Royal Society of Chemistry. 
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4.2 Experimental section 
4.2.1 Materials 
 Zinc acetate dihydrate (Zn(CH3COO)2∙2H2O; 97%) and 2-methylimidazole (MIM; 99%) were 
purchased from Sigma-Aldrich. Polyvinylpyrrolidone (PVP, K30), aqueous 10 wt% hydrofluoric acid 
(HF) solution, and methanol were purchased from Nacalai. Nickel nitrate hexahydrate 
(Ni(NO3)2∙6H2O; 98%), cobalt nitrate hexahydrate (Co(NO3)2∙6H2O; 98%), hexamethylenetetramine 
(HMT; 99%), and trisodium citrate dihydrate (TSC; 99%) were purchased from Wako. All chemicals 
were used without further purification. 
4.2.2 Synthesis 
 The synthesis route to the NiCo2O4-NC hybrid material is shown in Scheme 3-1. ZIF-8 was 
prepared by mixing 20 ml of methanolic solutions of zinc acetate dihydrate (176 mg) and 
polyvinylpyrrolidone (300 mg) with 20 ml of methanolic solutions of 2-methylimidazole (263 mg) and 
then aged at room temperature for 24 h.17 The resulting ZIF-8 particles were collected by centrifugation 
and dried. The ZIF-8 particles were then heated to 900 oC for 5 h (heating rate of 5 oC min-1 ) under a 
flow of nitrogen gas to convert them to NC. Afterward, the resulting black powder was cooled and 
then washed with a 10 wt% HF solution three times. Finally, the carbon sample was rinsed with 
distilled water and then dried at 60 oC in air. 
 Immersing carbon materials in acids can create new hydrophilic surface functional groups that 
assist in the hybridization of NCs with NiCo2O4 nanoflakes.
18,19 The NCs were added to a concentrated 
sulfuric acid solution and slowly stirred at 40 oC for 24 h. These hydrophilic NCs (denoted as S-NC) 
were collected by centrifugation and washed with deionized water and ethanol several times. 
 Finally, to prepare the NiCo2O4-NC hybrid particles, 10 mg of S-NC was dispersed in 40 ml of 
DI water containing 58 mg of Ni(NO3)2∙6H2O, 116 mg of Co(NO3)2∙6H2O, 70 mg of 
hexamethylenetetramine (HMT), and 12 mg of trisodium citrate dihydrate (TSC). This solution was 
refluxed at 90 oC for 6 h, driving the sheet-like formation of the Ni–Co precursor on the SNC. The 
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precipitate was collected by centrifugation and washed with ethanol several times and then dried. The 
NiCo2O4-NC hybrid particles were obtained by annealing these samples at 300 
oC for 3 h in air. 
4.2.3 Characterization 
 The crystalline structures of the samples were characterized using a powder x-ray diffraction 
(Rigaku 2500) system equipped with Cu Kα radiation (λ= 0.15406 nm). Raman spectra are collected 
using a Micro-Raman spectrometer (Horiba-Jovin Yvon T64000). Fourier-trans-form IR spectroscopic 
analysis (FTIR) spectra of the samples in KBr disks were obtained on a Thermosientific Nicolet 4700 
spectrometer with a resolution of 4 cm-1. Before each measurement, the instrument was run to collect 
the background, which was then automatically subtracted from the sample spectrum. The surface 
morphology of the prepared nanostructures was investigated using a scanning electron microscopy 
(SEM, Hitachi S-4800) at an accelerating voltage of 5 kV and transmission electron microscopy (TEM, 
JEM-2100F operated at a voltage of 200 kV). The energy-dispersive x-ray (EDX) analysis along with 
TEM machine was used for elemental mapping analysis. The nitrogen adsorption-desorption isotherms 
were measured on a BELSORP-mini (BEL, Japan) at 77 K. The pore size distribution is analyzed by 
Barrett-Joyner-Halenda (BJH) method. 
4.2.4 Electrochemical measurements 
 The electrochemical measurements were carried out with an electrochemical workstation (CHI 
660e, CH Instruments) using a standard three-electrode and two electrode measurements. We used 
Ag/AgCl as the reference electrode and a platinum wire as the counter electrode for three-electrode 
measurements. For the three-electrode system, the active electrode weight loading was 1 mg per 
electrode. All the electrochemical measurements were carried out in 1 M KOH aqueous electrolyte. 
The gravimetric capacitance was calculated using cyclic voltammetry (CV) with the equation: 
C𝑔 =
1
𝑚𝑠(𝑉𝑓−𝑉𝑖)
∫ 𝐼(𝑉)𝑑𝑉
𝑉𝑓
𝑉𝑖
  (1) 
where ‘Cg’ is the gravimetric capacitance (F g-1 ), ‘s’ is the potential scan rate, ‘V’ is a potential window, 
the integration of I(V)dV is the discharging part of the cyclic voltammograms, ‘m’ is the mass of active 
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material in grams. 
 In two-electrode measurements, the separator was a membrane composed of Whatman glass 
microfiber filters with electrolyte. The total weight loaded on both the electrodes was 5 mg. Because 
the curve of the charge–discharge (CD) is not linear, the gravimetric capacitance could be calculated 
by the following equation:20 
C𝑔 =
𝐼×∫ 𝑉 𝑑𝑡
𝑀×∆𝑉2
     (2) 
where ‘Cg’ is the gravimetric capacitance (F g-1 ), ‘V’ is a potential window, ‘I’ is the current (A), ‘t’ is 
the discharge time, and ‘M’ is the total mass of active materials of both electrodes in grams. 
 In order to build an asymmetric system, the mass balance between the positive and negative 
electrodes should be based on the following equation: 
𝑚+
𝑚−
=
𝐶−𝑉−
𝐶+𝑉+
     (3) 
where C+ and C- are the specific capacitances, V+ and V- are the potential windows, and m+ and m- are 
the mass of the positive electrode material and negative electrode material which are obtained in a 
three electrode system.  
 Furthermore, the energy density (ED, W h kg-1 ) and power density (PD, W kg-1 ) of these devices 
were calculated using the following equations. 
ED =
1
2
𝐶𝑣𝑉
2
3.6
   (4) 
PD =
3600×𝐸𝐷
𝑡
   (5) 
Here ‘t’ is the discharge time. 
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4.3 Results and discussion 
 As described in the Experimental section, immersing carbon materials in acids can create 
additional functional groups to create a hydrophilic surface, which drives NiCo2O4 nanoflakes to 
adhere to the surface of the NC nanoparticles.18,19 The acid-treated S-NCs had a negative zeta potential 
(-6.85 mV), indicating a tendency to interact with positively charged species. Indeed, comparison of 
the NC and S-NC samples with FTIR shows that several new peaks appear after the acid treatment. 
The bands at 1049 and 1220 cm-1 can be assigned to the C–O–C stretching vibrations of alcoholic, 
phenolic, and carboxylic groups. The band at 1612 cm-1 matches the C=C stretch of the alkene bond. 
Additionally, the new functional groups provide electrostatic repulsion, further stabilizing the colloidal 
dispersion. 
 Fig 4.1a shows the scanning electron microscope (SEM, Hitachi S-4800) image of the NiCo2O4-
NC hybrid sample. Only SNC resulted in such uniform structures. When regular NC particles were 
used (i.e. no acid treatment, hence no additional functional groups), I observed only aggregated/non-
uniform nanoflakes, or aggregated carbon particles (Fig 4.2a). Additionally, TSC was critical in 
achieving uniform samples. According to previous reports, TSC plays an important role in controlling 
the nucleation, growth, and morphology of the NiCo2O4 hybrid structure.
21,22 The lack of TSC leads 
to a distorted hierarchical structure (Fig 4.2b). 
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Figure 4.1 (a) SEM image and (b) high-resolution TEM image of NiCo2O4-NC. (c) Wide-angle XRD 
patterns for both NiCo2O4-NC and NiCo2O4. (d–f) XPS spectra for (d) C 1s, (e) Co 2p, and (f) Ni 2p 
in NiCo2O4-NC. Reproduced with permission from ref [32]. Copyright 2017, The Royal Society of 
Chemistry. 
 
Figure 4.2 The SEM images of NiCo2O4-NC (a) without acid surface treatment and (b) without use of 
TSC. Reproduced with permission from ref [32]. Copyright 2017, The Royal Society of Chemistry. 
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 Fig 4.1c shows the wide-angle X-ray diffraction (XRD, Rigaku 2500) pattern of the NiCo2O4, 
and NiCo2O4-NC hybrid sample calcined at 300 
oC. For comparison, I prepared NiCo2O4 without S-
NCs (Fig 4.3). All the peaks (Fig 4.1c) of the sample can be unambiguously assigned to the reflection 
planes of the NiCo2O4 crystalline phase (JCPDs no. 20-0781), which are indexed to (111), (220), (311), 
(400), (511), (440), (531), and (622) planes. Those peaks appeared in both samples, which indicates 
the presence of high purity NiCo2O4. The NC sample has two peaks at 25 and 44, matching the pattern 
for amorphous carbon (Fig 4.4). From Fig 4.1a and high-resolution SEM in Scheme 4.1, it can be 
observed that the 2-D NiCo2O4 nanoflakes are successfully grown on the carbon while retaining the 
original 3-D polyhedral shape of the NC material. A low magnification SEM micrograph shows a 
large-scale image of uniform NiCo2O4-NC particles (Fig 4.1a). A high-resolution transmission 
electron microscope (TEM, JEM-2100F operated at 200 kV) image of NiCo2O4-NC is shown in Fig 
4.1b, with a lattice spacing of 0.25 nm and 0.28 nm, closely matching the (311) and (220) planes of 
NiCo2O4, respectively. 
Figure 4.3 (a) Low-magnification SEM image, (b) high-magnification SEM image, (c) TEM image, 
and (d-g) EDS elemental mapping for bare NiCo2O4. The compositional ratio of Ni:Co is almost 1:2. 
Reproduced with permission from ref [32]. Copyright 2017, The Royal Society of Chemistry. 
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Figure 4.4 Wide-angle XRD pattern for NC. The inset image shows SEM image of single NC particle. 
Reproduced with permission from ref [32]. Copyright 2017, The Royal Society of Chemistry. 
 The energy-dispersive X-ray (EDX) elemental analysis confirms that nickel and cobalt are 
distributed uniformly over the outer carbon surface (Fig 4.5). The carbon and nitrogen content of the 
NiCo2O4-NC product was 69.8% and 5.8%, respectively. For more detailed investigation of the 
oxidation state, NiCo2O4-NC was characterized with X-ray photoelectron spectroscopy (XPS, PHI 
Quantera SXM) (Fig 4.1d–f). The C 1s spectrum of NiCo2O4-NC can be deconvoluted into four peaks. 
The C1 matches the energy of sp2-hybridized graphite-like carbon, while the C2 peak is sp3-hybridized 
carbon.23 The C3 peak is assigned to the hydroxyl configuration (C–OH), and the C4 peak indicates 
the presence of carboxyl groups (COOH). These assignments are in good agreement with the 
literature.23,24 In the Co 2p XPS spectrum, the peaks are fitted into satellites and two spin–orbit doublets 
with binding energies of 780.1 and 795.2 eV. Two oxidation states (Co2+ and Co3+) were confirmed. In 
the Ni 2p XPS spectrum, the peaks can be deconvoluted into satellites and two spin–orbit doublets at 
855.8 and 873.1 eV, in which the presence of Ni2+ and Ni3+ oxidation states was observable. This 
combination of XRD, TEM and XPS results strongly indicates that the material is composed of 
NiCo2O4, which is in good agreement with previous literature results for NiCo2O4.
25 
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Figure 4.4 HAADF-STEM image and EDS elemental mapping for carbon, nitrogen, oxygen, cobalt 
and nickel in NiCo2O4-NC sample. Reproduced with permission from ref [32]. Copyright 2017, The 
Royal Society of Chemistry. 
 The surface area of the samples was investigated using nitrogen adsorption–desorption isotherms 
(BEL Japan). The NiCo2O4 sample had a surface area of 20 m
2 g-1 and a pore volume of 0.10 cm3 g-1, 
while NiCo2O4-NC had a much larger surface area of 126 m
2 g-1 and a pore volume of 0.53 cm3 g-1 
(Fig 4.6). The corresponding pore size distribution indicates the presence of mesopores with sizes 
ranging from 3 to 10 nm that are formed inside the individual nanoflakes (Fig 4.3). As expected, the 
NiCo2O4-NC structure has a much higher surface area than NiCo2O4; the NiCo2O4 nanoflakes are 
spatially assembled on the porous NC template. 
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Fig 4.6 Nitrogen adsorption–desorption isotherms and BET pore size distribution curves (inset) for 
NiCo2O4-NC and NiCo2O4. Reproduced with permission from ref [32]. Copyright 2017, The Royal 
Society of Chemistry. 
 To evaluate the electrochemical performance of these samples, a standard three-electrode system 
was used (Fig 4.7). CV measurements of NiCo2O4, NC, and NiCo2O4-NC were performed in a suitable 
potential window, as shown in Fig 4.7a–c. In the case of NiCo2O4 and NiCo2O4-NC, with increasing 
scan rate, the CV curve is symmetrical. The oxidation peak shifts positively while the reduction peak 
shifts negatively, indicating a reversible faradaic redox reaction similar to previous reports.4 For the 
composite samples, charge storage can be explained as a synergy of two components: the EDLC 
behavior from the carbon material, and pseudocapacitive behavior from NiCo2O4, which can be 
explained by the reaction mechanism as, 
𝑁𝑖𝐶𝑜2𝑂4 + 𝑂𝐻
− + 𝐻2𝑂 ↔ 𝑁𝑖𝑂𝑂𝐻 + 2𝐶𝑜𝑂𝑂𝐻 + 2𝑒
− (6) 
𝐶𝑜𝑂𝑂𝐻 + 𝑂𝐻− ↔ 𝐶𝑜𝑂2 + 𝐻2𝑂 + 𝑒
−     (7) 
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Fig 4.7 CVs of (a) NiCo2O4, (b) NC, and (c) NiCo2O4-NC in a standard three-electrode system at 
various scan rates ranging from 5–100 mV s-1 (the weight loadings per electrode was 1 mg). (d) 
Comparative CVs of NiCo2O4, NC, and NiCo2O4-NC at the same scan rate of 40 mV s
-1. Reproduced 
with permission from ref [32]. Copyright 2017, The Royal Society of Chemistry. 
 From the CV measurements, the specific capacitance values for NiCo2O4, NC, and NiCo2O4-NC 
are 40, 157, and 310 F g-1, respectively, at a scan rate of 5 mV s-1. As noted previously, the capacitance 
of the NC is much higher than that of NiCo2O4. This is because the BET specific surface area of my 
NC (~1823 m2 g-1) is much higher than that of NiCo2O4 by itself. In addition, NiCo2O4 nanoflakes 
aggregate (Fig 4.3) without the NC template, resulting in a modest capacitance for NiCo2O4 alone. I 
believe that the increased capacitance of the NiCo2O4-NC architecture is due to the synergistic 
interaction between the porous NC framework and the NiCo2O4 nanoflakes. I hypothesize that the 2-
D nanoflakes provide good ion conducting pathways to the 3-D carbon core, which leads to better 
utilization of both the materials. Furthermore, these results are consistent with surface area 
measurements showing improved surface area of the composite compared to the metal oxide by itself. 
The combination of better ion conduction and high surface area naturally leads to improved 
capacitance in this hierarchical material. 
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 The symmetric supercapacitor (SSC) devices for NiCo2O4-NC, NiCo2O4, and NC were 
fabricated using an HS test cell (Fig 4.8a– c). Fig 4.8a shows the galvanostatic CD curves of three 
SSC devices (based on NiCo2O4-NC, NiCo2O4, and NC) with a current density of 0.1 A g
-1 in an 
aqueous KOH electrolyte. The calculated capacitance values are 36, 15, and 23 F g-1 for NiCo2O4- NC, 
NiCo2O4, and NC SSC devices, respectively. Fig 4.9 represents CVs at the scan rates 5 to 80 mV s
-1 
and CD curves for the NiCo2O4-NC SSC device at the current densities from 0.1 to 5 A g
-1. The 
capacitance retention is dependent on the applied current densities as shown in Fig 4.8b. It is worth 
noting that the shape of CV curves remains rectangular with no oxidation and reduction peaks, 
implying that the capacitive behavior is symmetric and mainly dominated by non-faradaic electrical 
double layer capacitance. In addition, this also indicates that the SSC device is charged and discharged 
at a pseudo-constant rate because of the absence of a redox peak in CV curves.26 
 
Fig 4.8 The (a) comparative CD curves at a current density of 0.1 A g-1 , and (b) variation of specific 
capacitance at various applied current densities for the SSC devices (NiCo2O4, NC, and NiCo2O4-NC). 
(c) The photograph of an HS test cell. The (d) CV curve at a scan rate of 20 mV s-1, (e) CD curves, and 
(f) capacitance variation with different applied current densities (0.1 to 5 A g-1 ) for the NiCo2O4-
NC//NC device. Reproduced with permission from ref [32]. Copyright 2017, The Royal Society of 
Chemistry. 
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Figure 4.9 (a) CVs at scan rates from 5 to 80 mV·s-1 and (b) charge-discharge curves for the NiCo2O4- 
NC//NiCo2O4-NC SSC device at the current densities ranging from 0.1 to 5 A·g
-1. Reproduced with 
permission from ref [32]. Copyright 2017, The Royal Society of Chemistry. 
 In order to enhance the energy density (ED), it is important to enlarge the potential window of 
the supercapacitor.18 Therefore, an asymmetric supercapacitor (ASC) was fabricated using a NiCo2O4-
NC hybrid as the positive electrode and NC as the negative electrode. Fig 4.10 shows the potential 
window operated within the extended range of 1.2 to 1.5 V. The CV curves retained well-defined redox 
peaks, and almost no distortion was observed until an operating voltage of 1.5 V, which is estimated 
to be the best operating potential for this ASC device (Fig 4.8d). EDLC type and pseudocapacitive 
type capacitances were well synergized at different scan rates, and the peak current was larger when 
increasing the scan rate. In addition, a linear increase and decrease of current peaks were observed as 
a function of the square root of the scan rate, which demonstrates that the device has excellent 
reversibility (Fig 4.11).27 The CD studies were carried out at different applied current densities (Fig 
4.8e). The specific capacitance values obtained are 89, 77, 69, 58, 43, and 26 F g-1 at the current 
densities of 0.1, 0.5, 1, 2, 5, and 10 A g-1, respectively (Fig 4.8f). The specific capacitance values 
obtained by the ASC device are much higher than that of the SSC device. The retention of capacitance 
was 66% when the current densities were increased from 0.1 to 2 A g-1 (20 times higher). 
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Figure 4.10 Potential window variation for the upper potential windows ranging from 1.2 V to 1.5 V 
for ACS. Reproduced with permission from ref [32]. Copyright 2017, The Royal Society of Chemistry. 
 
Figure 4.11 Peak current as a function of the square root of the scan rate for the ASC device. 
Reproduced with permission from ref [32]. Copyright 2017, The Royal Society of Chemistry. 
 The ED and power density (PD) performance of my SSC and ASC devices are compared using 
a Ragone plot (Fig 4.12). It shows that by taking advantage of the extended potential window, the ASC 
device has the highest ED of 28 W h kg-1 and a PD of 8.5 kW kg-1. Moreover, my devices have ED 
performances comparable or better than those of previously reported devices (Fig 4.12b). In order to 
demonstrate the durability of these devices for practical applications, I carried out a life-cycle test on 
the ASC device via CV measurements. I have cycled the device 2000 times at a scan rate of 40 mV s-
1 (Fig 4.13). The cycle test showed that the performance increased up to 1000 cycles, indicating the 
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progressive activation of the pseudo materials. After 2000 cycles, the ASC device showed a slight 
decrease in capacitance by ~15%. This might be due to the aggregation caused by morphological 
distortion of the metal oxide particles. 
 
Fig 4.12 (a) Comparison of energy density and power density of various SSC ((1) NiCo2O4, (2) 
NiCo2O4-NC, and (3) NC) and ASC ((4) NiCo2O4-NC//NC) devices from my study. (b) Comparison 
of my ASC device with previous literature reports, namely ((1) NiO//carbon,28 (2) NixCo1–x LDH-
ZTO//AC,29 (3) NiCo2O4-rGO//AC,30 (4) rGO//rGO,31 and (5) NC// NC17). Reproduced with 
permission from ref [32]. Copyright 2017, The Royal Society of Chemistry. 
 
Figure 4.13 Stability test of NiCo2O4-NC//NC ASC device up to 2000 repeated cycles. The error bars 
are shown by pink color in background. Reproduced with permission from ref [32]. Copyright 2017, 
The Royal Society of Chemistry. 
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4.4 Conclusion 
 This method demonstrates a simple approach for the development of NiCo2O4-NC hybrid 
composite materials with good capacitance. The electrochemical performance of ASC devices has 
reliable ED and PD, which makes them suitable for realistic electronic applications. I believe that 
MMOs supported on 3- D conductive carbon derived from MOFs can be promising materials for next-
generation electrochemical energy storage devices. I are optimistic that this method could serve as a 
platform for other metal oxides by improving electrochemical performance through the 3D 
organization of these materials on MOF-derived carbon nanoarchitectures. 
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Chapter 5 
Nanoarchitecture of MOF-derived Nanoporous 
Functional Composites for Hybrid Supercapacitors
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5.1 Introduction 
 Metal-organic frameworks (MOFs) are well-ordered porous materials with a high surface area 
and excellent versatility due to their ability to accommodate chemical and structural modifications 
through various metals, organic linkers, and engineering approaches.1-5 The synthesized MOFs can be 
used by themselves as highly porous materials,6-8 and in particular, they can be easily converted to 
metals, metal oxides, nanoporous carbons (NPC), and other inorganics and modified via further 
processes such asc arbonization, calcination, and chemical reaction9-12. Therefore, MOFs have been 
widely studied for various applications such as gas adsorption,13,14 membranes,15,16 catalysts, including 
photocatalysts and electrocatalysts,17-20 biomedical applications,21-23 energy harvesting,24-26 and energy 
storage systems (ESSs) (i.e. rechargeable batteries and supercapacitors).27-30 Zeolitic imidazole 
framework (ZIF), one of the well-known MOF structures, has been attractive as a candidate for ESS 
materials due to its high surface area, cost-effectiveness, easy synthesis at room temperature, and 
intrinsic nitrogen doping on carbon.31-34 Recently, ZIF-derived carbon and metal oxide materials have 
been intensively applied in high performance electric double-layer supercapacitors (EDLCs) and 
pseudocapacitors, which depend on charge separation and redox reactions, respectively, for their mode 
of action35. Even though the EDLCs have the advantage of high rate performance, their performance 
is still limited by their high dependence on surface area and their intrinsic low capacitance compared 
to pseudocapacitors. In fact, ZIF-derived carbon-based EDLCs have shown limited capacitance, as 
low as 200 F·g-1.36-38 In addition, the capacitance of pseudocapacitors is highly dependent on surface 
area and on the species and nanostructure of their active materials.39 Because metal species that can be 
used in ZIFs (i.e. Zn(II), Co(II), In(III), and Mn(II))40-42 and the shapes of the ZIF derivatives are 
limited, the utilization of various metal oxide species in ZIFs with a high surface area is relatively 
difficult43,44. In order to take complete advantage of ZIF materials and further improve their 
electrochemical storage capability, new strategies of material design and new engineering approaches 
are required for future high performance ESSs based on MOF-derived active materials. Herein, I report 
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a novel nanoarchitecture approach based on using selected Co2+-excess bimetallic hybrid Co/Zn ZIFs 
(HZs) for nanoporous functional composites (NPFC). 
 
5.2 Experimental section 
5.2.1 Synthesis 
Preparation of Co2+-excess hybrid ZIF (HZ) 
All chemicals were purchased from Aldrich and used without further treatment. The Co2+-excess 
hybrid ZIF (HZ) was prepared by mixing Co2+ and Zn2+ in a 2:1 ratio for the formation of Co 
nanoparticles and CNT growth. In the synthesis, 6.57 g (29.9 mmol) of Zn(CH3COO)2∙2H2O and 17.49 
g of Co(NO3)2∙6H2O (59.9 mmol) were dissolved in 1000 mL of methanol to form a clear solution, 
followed by the addition of 2-methylimidazole (59.04 g, 710 mmol) dissolved in 400 mL of methanol. 
After thoroughly mixing by continuous stirring for 15 min at 1000 rpm, the mixed solution was  
kept at room temperature for 24 hours. The HZ particles were then collected from the solution by 
centrifugation at 7000 rpm, thoroughly washed with methanol and distilled water several times, and 
dried at 60 °C under vacuum. After drying, 2.7 g of HZ powder was obtained. 
Carbonization of Co2+-excess hybrid-ZIF (HZ) for HZ-NPC 
1 g of hybrid-ZIF powder sample was kept under N2 for 30 min in the furnace before increasing 
the temperature. Then, the crystal powder was thermally converted into nanoporous carbon with 
graphitic carbon nanotubes on the surface through carbonization under flowing N2 at 800 °C for 5 
hours with a heating rate of 2 °C·min-1. To confirm the effect of the heating rate during carbonization, 
carbonization was also performed with a heating rate of 5 °C·min-1. After comparison in Figure S1, to 
grow the MWCNT, the carbonization heating rate was fixed as 2 °C·min-1. In addition, HZ-NPC was 
washed with HF (aq) to remove Zn according to the general procedure for the preparation of ZIF-
derived carbons for confirming Co content. In detail, the HZ-NPC was washed several times with 
hydrogen fluoride (HF) solution (10 wt%) to remove the Zn and dried at 60 °C under vacuum for 24 h 
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after several washing with distilled water. The Co content of HF (aq)-washed sample was compared 
with HZ-NPC samples without HF (aq) washing. To utilize more Co NPs of HZ-NPC in converting to 
Co3O4, all the prepared HZ-NPC samples for HZ-NPFC/X-Y were not washed with HF (aq) for further 
oxidation process. 
Thermal oxidation of HZ-NPC for preparation of HZ-NPFCs with Co3O4  
To make Co3O4 from Co NPs via thermal oxidation process, the 0.1 g HZ-NPC samples were 
further heated with 5 °C min-1 under air by varying the temperature and time as follows: 250°C for 2 
h, 250°C for 5 h, 300°C for 2 h, and 300°C for 5 h, respectively. The obtained HZ-NPFCs samples 
were then examined by the following characterization methods without further treatment. 
5.2.2 Characterization  
The crystalline structures of the samples were characterized using a powder X-ray diffraction 
(XRD, Rigaku 2500) system equipped with Cu Kα radiation (λ = 0.15406 nm). Raman spectra were 
collected using a Micro-Raman spectrometer (Horiba-Jovin Yvon T64000). The surface morphology 
of the as-prepared nanostructures was investigated using scanning electron microscopy (SEM, Hitachi 
S-4800) at an accelerating voltage of 5 kV and transmission electron microscopy (TEM, JEM-2100F 
operated at a voltage of 200 kV). Energy-dispersive X-ray (EDX) analysis in conjunction with the 
TEM instrument was used for elemental mapping analysis. X-ray photoelectron spectroscopy (XPS) 
experiments were performed using a Thermo Scientific Sigma Probe. The nitrogen adsorption-
desorption isotherms were collected on a BELSORP-max (BEL, Japan) at 77 K. The pore size 
distribution was analyzed by the Barrett-Joyner-Halenda (BJH) method. 
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5.3 Results and discussion 
 It should be noted that Co2+-excess HZ was strategically designed to combine all the advantages 
from each Zn2+ and Co2+-based ZIF (Figure 5.1). As is well known, Zn2+-based ZIF-8 nanoporous 
carbon has a high surface area, up to ~ 1800 m2·g-1, because of the evaporation of Zn, which has a low 
boiling point (907 oC), and because it can maintain its polyhedral structure without the tendency to 
collapse shown in ZIF-67.35,45 Moreover, Co2+-based ZIF-67 can usually generate Co NP-embedded 
N-doped NPC with rich graphitic carbon after carbonization, but the NPC has a relatively lower surface 
area owing to the collapse of the structure arising from Co NP formation.46,47 Interestingly, the resulting 
Co NPs of ZIF-67 NPC can be a material source of cobalt oxide.48 For these strategic reasons, therefore, 
the Co2+-excess HZ is able to generate more graphitized carbon and CNT growth with high surface 
area due to the catalytic reaction of reduced Co nanoparticles during carbonization at high 
temperature,49 which are effective for improving the electrical conductivity of ZIF-derived carbons50. 
In detail, my approach includes two precise steps: (1) a slow carbonization process and (2) a controlled 
oxidation process from HZ (Figure 5.1 and Supporting Information, Figure 5.2a-b). First, the slow 
carbonization process with a heating rate of 2 °C·min-1 served to grow the CNTs, compared to no CNTs 
at 5 °C·min-1 (Figure 2(a-b) and Supplementary Information, Figure S1c-d). Interestingly, my approach 
did not need H2 gas to grow the CNTs unlike in previous works
48,51 on Co(II)-based ZIF-67, which 
used an H2/inert gas mixture to reduce Co
2+ (i.e. Co2+ + H2  Co + 2H+)51,52 for catalytic CNT growth. 
This means that bimetallic HZ processed with a slow heating rate is the key component for the growth 
of CNTs. Second, the oxidation process under air was controlled by controlling the temperature and 
treatment time to obtain the Co3O4 and retain a high surface area for the NPC without destruction of 
the nanoporous structure or CNTs. (Samples were denoted as follows: HZ-NPFC/X-Y; X = oxidation 
temperature (°C) and Y = time (h).) The conventional method for ZIF-derived NPCs involves a 
washing process with acids (i.e. HCl, H2SO4, and HF) after carbonization to remove the residual 
metal.31-34,53 To keep more Co NPs, I used HZ-NPC without the HF process because the HF(aq)-
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washed HZ-NPC possessed a little less Co than pristine HZ-NPC, as confirmed by X-ray diffraction 
(XRD) (Supplementary Information, Figure 5.3) and energy-dispersive X-ray spectroscopy (EDS) 
mapping with element analysis (Supplementary Information, Figures 5.4 and 5.5). In addition, the HF-
washed HZ-NPC showed larger holes on the particles, which was caused by the forced removal of Co 
NPs. This can be attributed to the surface morphology and density of the final materials 
(Supplementary Information, Figure 5.6). 
 
 
Fig 5.1 Representation of the nanoarchitecture design for functional MOF-derived nanoporous carbon, 
HZ-NPFC from Co2+/Zn2+ hybrid ZIF obtained by the use of reductive carbonization and oxidation 
optimization. Reproduced with permission from ref [58]. Copyright 2017, The Royal Society of 
Chemistry. 
Chapter 5 
 
107 
 
Figure 5.2. (a) SEM and (b) TEM images of HZ, respectively. SEM images of HZ-NPC carbonized 
at 800 °C according to different temperature ramp rates: (c) 5 °C min-1 and (d) 2 °C min-1. Reproduced 
with permission from ref [58]. Copyright 2017, The Royal Society of Chemistry. 
Figure 5.3 Wide-angle XRD patterns of HZ-NPC with (upper) and without (lower) an HF(aq) washing 
treatment. Reproduced with permission from ref [58]. Copyright 2017, The Royal Society of 
Chemistry. 
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Figure 5.4 (a) SEM image, (b-d) EDS mapping and (e) EDS spectrum for element (C, O, and Co) 
analysis of carbonized HZ-NPC at 800 °C with HF(aq) washing. Reproduced with permission from 
ref [58]. Copyright 2017, The Royal Society of Chemistry. 
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Figure 5.5 (a) SEM image, (b-d) EDS mapping and (e) EDS spectrum for element (C, O, and Co) 
analysis of carbonized HZ-NPC at 800 °C without HF(aq) washing. Reproduced with permission from 
ref [58]. Copyright 2017, The Royal Society of Chemistry. 
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Figure 5.6 SEM images of HZ-NPCs with (a) and without (c) HF(aq) washing treatment, and (b) and 
(d) their corresponding HZ-NPFC/250-2 samples after oxidation at 250 °C for 2 h, respectively. 
Reproduced with permission from ref [58]. Copyright 2017, The Royal Society of Chemistry. 
After achieving pristine Co NP-rich HZ-NPC, the thermal oxidation process was performed to 
obtain a highly nanoporous carbon composite with redox active Co3O4. Detailed scanning electron 
microscopy (SEM) and transmission electron microscopy (TEM) studies showed that morphology of 
HZ-NPC was changed, with the structure shrinking (NPC) and larger particles (Co3O4) being produced 
as the temperature and time increased (Figure 5.7a-j). 
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Fig 5.7 Electron microscopy studies of carbonized HZ-NPC and its HZ-NPFCs oxidized under 
different conditions. SEM and TEM images of (a-b) HZ-NPC, (c-d) HZ-NPFC/250-2, (e-f) HZ-
NPFC/250-5, (g-h) HZ-NPFC/300-2, and (i-j) HZ-NPFC/300-5. HAADF-STEM images of (k) HZ-
NPC and (l-m) HZ-NPFC/250-5, respectively. (inset of (m): HRTEM image of MWCNTs on HZ-
NPFC/250-5). (n-o) HRTEM images of Co and Co3O4 nanoparticles on HZ-NPFC/250-5, respectively. 
Insets show the corresponding fast Fourier transform (FFT) patterns. (p) HAADF-STEM image and 
EDS mapping of HZ-NPFC/250-5 single particle. Reproduced with permission from ref [58]. 
Copyright 2017, The Royal Society of Chemistry. 
 
Interestingly, the CNTs on the particles disappeared, and larger pores were simultaneously 
observed above 300 °C. This indicates that the carbon was not stable at the high temperature of 300 
°C, and the Co NPs were spontaneously converted to large-sized Co3O4 particles. Nitrogen adsorption-
desorption isotherm data also showed a decrease in the surface area and large pore formation (Figure 
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5.8a) For example, the surface area of HZ-NPC (~300 m2·g-1) treated at 250 °C for 5 h was decreased 
to 202 m2·g-1 (HZ-NPFC/250-5). On the other hand, the HZ- NPFC/300-2 and HZ-NPFC/300-5 
samples showed greatly decreased surface areas of 20−30 m2·g-1, and the micropores also disappeared 
(Figure 5.8b, Supporting Information, Figure 5.9). In fact, the large sized particles in both the HZ-
NPFC/300-2 and the HZ-NPFC/300-5 samples were confirmed as Co3O4 particles with a large size of 
> 60 nm (Supporting Information, Figure 5.10). The high-angle annular dark field-scanning 
transmission electron microscope (HAADF-STEM) images in Figure 5.7k-m revealed that HZ-
NPFC/250-5 retained nanoporous polyhedral shaped particles and multi-walled CNTs (MWCNTs). In 
addition, the EDS mapping results in Figure 5.7p clearly support the presence of N-doped carbon and 
the formation of Co3O4. EDS mapping results for the other samples revealed that the intensity of the 
carbon became weak at 300 °C and the oxygen intensity was relatively stronger, which were due to 
the removal of carbon and the oxidation of Co by oxygen, respectively(Supplementary Information, 
Figure 5.11). The Raman spectra showed the presence of amorphous and graphitic carbon structures 
in the HZ-NPC, as indicated by the D and G band peaks, respectively (Figure 5.8c). The graphitic 
carbon structure is known to have higher electrical conductivity than amorphous carbon.54 The D and 
G bands had disappeared at 300 °C, however, whereas the sample treated at 250 °C showed reduced 
intensity of these bands. In the same context of the destruction and removal of carbon, this result can 
be further supported by the results of electron microscope, EDS, and porous property studies. More 
interestingly, coexisting Co and Co3O4 NPs 10-20 nm in size were found in the HZ-NPFC /250-5 
sample by high resolution TEM (HRTEM) (Figure 5.7n-o) and XRD. 
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Fig 5.8 (a) Nitrogen adsorption-desorption isotherms of HZ-NPC and HZ-NPFCs. (b) Pore size 
distributions for HZ-NPC and HZ-NPFCs. (c) Raman spectra of HZ-NPC and HZ-NPFCs. (d) Wide-
angle XRD patterns of pristine HZ, carbonized HZ-NPC without HF washing, and HZ-NPFCs. 
Reproduced with permission from ref [58]. Copyright 2017, The Royal Society of Chemistry. 
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Figure 5.9. Pore size distributions for HZ-NPC and HZ-NPFCs in range of 1.5- 10 nm. Reproduced 
with permission from ref [58]. Copyright 2017, The Royal Society of Chemistry. 
 Figure 5.10 High resolution transmission electron microscope (HRTEM) images and corresponding 
fast Fourier transform (FFT) patterns of Co3O4 particles in (a-c) HZ-NPFC/300-2 and (d-f) HZ-
NPFC/300-5. Reproduced with permission from ref [58]. Copyright 2017, The Royal Society of 
Chemistry. 
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Figure 5.11 High-angle annular dark field-scanning TEM (HAADF-STEM) images and EDS mapping 
of (a) HZ-NPC, (b) HZ-NPFC/250-2, (c) HZ-NPFC/300-2, and (d) HZ-NPFC/300-5. Reproduced with 
permission from ref [58]. Copyright 2017, The Royal Society of Chemistry. 
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The effects of the thermal oxidation temperature and time on Co3O4 formation were tracked by 
an XRD study (Figure 5.8d). The XRD results showed that the thermal oxidation of Co was weak 
with oxidation at 250 °C for a short time (HZ-NPFC/250-2), the same as for HZ-NPC, while HZ-
NPFC/250-5 showed clear Co3O4 peaks, along with reduced Co NP peaks.
29 In the HZ-NPFC/300-5 
sample, the Co NP peaks were entirely converted to Co3O4, and the HZ- NPFC/300-2 sample showed 
coexisting CoO and Co3O4.
55 From these results, I found that the N-doped NPC embedded with Co 
NPs could be converted to functional NPC possessing Co/Co3O4 and having the benefit of electrically 
conductive Co NPs48 under specific oxidation conditions. 
X-ray photoelectron spectroscopy (XPS) of HZ-NPC and HZ-NPFC samples revealed clear 
evidence for the oxidation of Co NPs under different conditions from the analysis of C, N, and Co 
species (Figure 5.12a-c). Deconvolution of the N 1s peak of HZ-NPC, HZ-NPFC/250-2, and HZ-
NPFC/250-5 resulted in a combination of pyridinic, pyrrolic, and quaternary nitrogen species, with 
their maxima located at 398.6, 400.1, and 401.3 eV, respectively, demonstrating the nitrogen doping 
on carbon (Figure 5.12a). In contrast, there were no signals of N species on HZ-NPFC/300-2 and 
HZ-NPFC/300-5. In addition, the C 1s signal showed reduced intensity, and the C-O and C-N peaks 
disappeared, except for the peak of C-C centred at 284.8 eV (Figure 5.12b). These results indicate 
that the chemical structure of carbon is destroyed by heat treatment at 300°C, while the samples 
oxidized at 250 °C maintained the N-doped carbon chemical structure. The Co 2p1/2 and Co 2p3/2 
signals revealed peaks for metallic Co at 778.5 and 793.2 eV, respectively as shown in Figure 4c. The 
peak for Co2+ of HZ-NPC at 780.8 eV corresponds to the coordinated bonds with the N in N-doped 
carbon as a single atom.56 Except for HZ-NPC, all the samples revealed Co2+ and Co3+ peaks at 
780.9 and 779.5 eV, respectively, and the metallic Co peak disappeared for HZ-NPFC/300-2 and HZ-
NPFC/300-5, indicating the presence of Co3O4.
57 The relative atomic ratios (%) of all the samples 
were calculated from the XPS results (Figure 5.12d). Herein, I ignored the quantity of Zn due to the 
low atomic percentage. The results revealed that the destruction of N-doped carbon and the oxidation 
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of Co are dominant in the oxidation process and that the turning point of intensive oxidation for 
Co3O4 is at 300°C. 
 
 
Fig 5.12 XPS spectra for the (a) N 1s, (b) C 1s, and (c) Co 2p regions of HZ-NPC and HZ-NPFCs. (d) 
Relative atomic ratios (%) of HZ-NPC and HZ-NPFCs from XPS results. Reproduced with permission 
from ref [58]. Copyright 2017, The Royal Society of Chemistry. 
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 From this structural analysis, I can conclude that the HZ-NPFC/250-5 possesses optimized N-doped 
micro-and mesoporous carbon with CNTs, Co NPs, and redox active Co3O4 all present on 
single particles. Therefore, the thus-developed HZ-NPFC/250-5 can be considered as a promising 
candidate material toward to the application of energy storage applications.  
 
5.4 Conclusions 
In summary, a strategic nanoarchitecture design was enabled by a practical and controlled synthesis 
via Co2+-excess bimetallic hybrid Co/Zn ZIF (HZ). I found that the heating rate in the carbonization 
process for HZ plays a very important role in growing graphitic CNTs without the assistance of H2 gas. 
In addition, the thermal oxidation conditions were critical for the destruction of nanoporous N-doped 
carbon, which had a direct impact on the surface area and performance. Under specific conditions, my 
optimized sample showed the coexistence of Co NPs, CNTs, Co3O4, and N-doped NPC, which resulted 
in superior electrochemical storage performance. These findings and this strategic approach to MOF-
derived NPC can open up a path to a new family of MOF-derived metal and metal oxide-embedded 
NPC materials, modified by using various metals, organic linkers, and engineering techniques in the 
future. In addition, I expect that this type of functional NPC will be widely applied in metal- or metal-
oxide-related catalyst systems. 
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Chapter 6 
One-step Synthetic Strategy of Hybrid Materials 
from Bimetallic Metal-Organic Frameworks (MOFs) 
for Supercapacitor Applications
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6.1 Introduction 
The rapid growth in global population and the vast development of electronic devices have 
prompted an increasing demand for energy.1-2 Ideally, the increasing demand for energy can be 
addressed by developing more advanced energy storage and conversion technologies. Supercapacitors, 
as one of the leading electrical energy storage devices exhibit some attractive features, such as fast 
charging time, high power density, and long cycle life over repeated charge-discharge time, which 
make them promising candidates for power backup, cell phone cameras, regenerative braking, and 
hybrid electric vehicles.3 Pseudocapacitors, as an important type of electrochemical capacitor, can 
store energy through surface Faradaic reactions, while electrical double-layer (EDLC) stores charge 
by the mechanism of double layer ion-adsorption. Although pseudocapacitors are capable of providing 
high capacitance, they usually suffer from poor cycling stability and lower rate capability.4 Therefore, 
it is vital to develop the appropriate porous structure and increase the intrinsic electrical conductivity 
of the electrode materials, such as by adding electronically conductive materials such as carbon. 
Therefore, it is highly desirable to integrate EDLC-type materials with pseudocapacitive materials to 
combine the merits of both charge storage mechanisms to achieve high energy and power densities.5-6 
Hybrid materials comprised of porous carbons and mixed metal oxides have emerged as a new class 
of multifunctional materials for catalytic reactions, gas adsorption, and optical properties.7 In addition, 
to further improve the electrochemical performance, mixed hybrid materials consisting of two or more 
transition metal species have been increasingly developed as the coupling of two metal cations can 
offer rich redox reactions and higher electrical conductivity than single metal oxides. Due to these 
prospective advantages, various kinds of inexpensive binary compounds composed of transition metal 
species have been developed as electrode materials with higher theoretical specific capacitances or 
capacities, such as Mn1.8Fe1.2O4 nanocubes,
8 nanoporous CoMn@C,9 RGO/NiCo2O4 nanosheets,
10 and 
ZnCo3-xO4 hollow polyhedra.
11 
In recent years, metal-organic frameworks (MOFs) have gained increasing interest as precursors 
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for the derivation of hybrid materials because of their controllable particle size and morphology, high 
surface area and porosity, and their variety of metal centers and organic ligands.12-15 Due to their rich 
compositional flexibility, the metal centers in MOFs can be converted into metallic or metal oxide 
nanoparticles, often accompanied with porous carbons produced by the decomposition of organic 
ligands in MOFs.16-17 Although many studies have been conducted on MOF-derived nanomaterials, 
there are a few reports on the direct carbonization of mixed-metal organic frameworks to obtain hybrid 
materials. Recently, MOF-74-M (M= Mg2+, Mn2+, Ni2+, Co2+, Zn2+, etc.) has been shown as a suitable 
precursor for preparing hybrid materials, due to the possible presence of one or more metal centers.9, 
18 For example, porous ball-like ZnCo2O4 nanoparticles were previously synthesized by the heat 
treatment of Zn-Co-MOF-74 in air at 400 oC, which showed enhanced electrochemical performance 
than porous Co3O4 derived from Co-MOF-74.
19 In other report, NixCo3-xO4 nanoparticles were 
successfully fabricated from the calcination of NiCo-MOF-74 in air at 400 oC and their electrochemical 
properties for supercapacitor electrodes could be tuned by adjusting the Ni/Co ratio.18 Moreover, mixed 
cobalt and manganese oxides embedded in nanoporous carbon framework (M/MO@C) were recently 
prepared through the direct carbonization of CoMn-MOF-74.9 The capacitive performance of the 
resulting M/MO@C hybrids could be optimized by tuning the carbonization temperature. Although 
some bimetallic MOF-derived hybrid materials have been reported in the past, these materials still 
suffer from some drawbacks when employed as supercapacitor electrodes, such as low electrical 
conductivity, low capacitance retention, and/or poor cycling stability. Therefore, it is highly desirable 
to develop bimetallic MOF-derived hybrid materials which can exhibit good rate performance, high 
capacitance retention, and good cycling stability for supercapacitor applications. 
In this chapter, I report the derivation of new hybrid materials, namely graphitic carbon/metal 
composites (termed NC-800) and metal/metal oxide composites (with a small trace of carbon) (termed 
NC-350) through the heat treatment of spherical bimetallic NiCo-MOF-74 particles in N2 at 800
 oC 
and in air at 350 oC, respectively. To the best of my knowledge, the derivation of such hybrid materials 
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from bimetallic MOFs has not been reported previously. In the past, NiCo-MOF-74 has only been used 
to fabricate mesoporous NixCo3-xO4 nanorods,
4 NixCo3-xO4 nanoparticles,
18 Ni-Co mixed metal 
hydroxides,20 and CoxNi1-x@CoyNi1-yO@C composites.
21 When employed as supercapacitor 
electrodes, NC-800 and NC-350 can deliver high specific capacitances of 715 and 583 F g-1, 
respectively, at a high current density of 1 A g-1, along with high capacitance retention and good cycling 
stability, owing to their large surface area and pore volume as well as the synergistic effect between 
the graphitic carbon and the binary metal system. These results therefore indicate their promising 
potential as electrode materials for high-performance supercapacitors. 
 
6.2 Experimental section 
6.2.1 Materials 
Nickel chloride hexahydrate (NiCl26H2O; 99.9%) and N,N-dimethylformamide (DMF; 99.9%) 
were purchased from Wako. Cobalt chloride hexahydrate (CoCl26H2O; 99%) was purchased from 
Sigma Aldrich Japan. 2, 5-dihydroxyterephthalic acid (H4DOBDC; 98%) were purchased from Tokyo 
Chemical Industry. Polyvinylpyrrolidone (PVP, K30) and methanol (CH4O; 99%) were purchased 
from Nacalai Tesque. All chemicals were used without further purification.  
6.2.2 Synthesis  
Synthesis of NiCo-MOF-74.  
In a typical procedure, NiCl2 (1.189 g, 4.86 mmol) and CoCl2 (2.312 g, 9.72 mmol) were 
dissolved in 40 mL of DMF. In a separate bottle, 2, 5-dihydroxyterephthalic acid (0.24 g, 1.215 mmol) 
and PVP (4 g) were also dissolved in 40 mL of DMF. Then, the above two solutions were mixed and 
transferred into a stainless steel-lined Teflon autoclave and heated at 100 oC for 24 h. After cooling 
down to room temperature, the resulting precipitate was collected and thoroughly washed with 
methanol for at least three times. Finally, the NiCo-MOF-74 sample was obtained after drying at 60 
oC for 24 h. 
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Synthesis of Co-MOF-74.  
In a typical process, CoCl2 (1.189 g, 4.86 mmol) was firstly dissolved in 20 mL of DMF. Then, 
2, 5-dihydroxyterephthalic acid (0.12 g, 0.6 mmol) and PVP (2 g) were also dissolved in 20 mL of 
DMF. The rest of the procedures are similar to that described above. 
Preparation of NC-800, NC-350, C-800, and C-350.  
The as-prepared NiCo-MOF-74 and Co-MOF-74 particles were carbonized directly in a tubular 
furnace at 800 oC for 2 h under flowing N2 with a heating rate of 2 
oC min-1 and the resulting samples 
are denoted as NC-800 and C-800, respectively. In addition, the NiCo-MOF-74 and Co-MOF-74 
particles were also heated in air at 350 oC for 2 h with a heating rate of 2 oC min-1 and the obtained 
samples are denoted as NC-350 and C-350, respectively. 
6.2.3 Characterization 
The crystal structure and phase composition of the as-prepared samples were characterized using 
a powder X-ray diffraction (Rigaku 2500) system equipped with Cu-Kα radiation (λ= 0.15406 nm). 
The chemical composition is examined by X-ray photoelectron spectroscopy (XPS, PHI Quantera 
SXM). Thermogravimetric (TG) analysis was carried out using a Hitachi HT-Seiko Instrument Exter 
6300 TG/DTA with a heating rate of 10 oC min-1 under N2 or air atmosphere. The morphology of the 
as-prepared hybrid materials was investigated using a scanning electron microscopy (SEM, Hitachi S-
4800) operated at an accelerating voltage of 5 kV and transmission electron microscopy (TEM, JEM-
2100F) operated at a voltage of 200 kV. The nitrogen adsorption-desorption isotherms were measured 
on a BELSORP-mini (BEL, Japan) at 77 K. The surface areas (S) and pore volumes (V) (including the 
micropore volume, Vmicro) were obtained using the Brunauer-Emmett-Teller (BET) and Barrett-Joyner-
Halenda (BJH) methods, respectively.  
6.2.4 Electrochemical measurements 
The electrochemical measurements were carried out with an electrochemical workstation (CHI 
660e, CH Instruments) using a standard three-electrode measurements in 6 M KOH. The platinum 
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electrode was used as the counter electrode and Ag/AgCl was used as the reference electrode. The 
working electrodes were prepared by mixing 80 wt% of the active materials with 20 wt% PVDF as the 
binder and a carbon paper was used as the current collector. They were homogenously mixed in NMP 
and then, dropped onto the carbon paper. The mass loading was calculated by measuring the weight 
difference before and after loading of the sample. The typical mass loading of the electrode was about 
3 mg cm-2. 
Cyclic voltammetry (CV), galvanostatic charge-discharge and electrochemical impedance 
spectroscopy (EIS) were carried out to evaluate the electrochemical performance. As the charge-
discharge (CD) curve was not linear, the gravimetric capacitance was calculated by using the following 
equation:14 
𝐶𝑔 =
𝐼×∫ 𝑉𝑑𝑡
𝑚×∆𝑉2
       (1) 
where ‘Cg’ is the gravimetric capacitance (F g-1), ‘V’ is a potential window (V), ‘I’ is the current (A), 
‘t’ is the discharge time (s), and ‘m’ is the mass of active materials on the working electrode in grams. 
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6.3 Results and discussion 
The bimetallic NiCo-MOF-74 particles were synthesized via the solvothermal reaction between 
Ni and Co salts with 2, 5-dihydroxyterephthalic acid in DMF in the presence of PVP. The surfactant 
PVP was added during the synthesis process to control the shape of the metal nanoparticles and sustain 
the growth of large faceted nanocrystals.22 The resulting bimetallic NiCo-MOF-74 particles exhibit 
uniform spherical morphology with an average size of around 500 nm (Figure 6.1a). In comparison, 
the Co-MOF-74 particles exhibit polyhedron rod-like morphology with a cross-section diameter of 
around 2 μm, as evident in Figure 6.1d. The crystal structure and phase composition of the NiCo-
MOF-74 and Co-MOF-74 particles were analyzed using XRD. As depicted in Figure 6.2, the 
diffraction peak positions and the relative intensities of NiCo-MOF-74 and Co-MOF-74 peaks are in 
good agreement with previous works, thus indicating the presence of similar crystal structure and high 
crystallinity.18,23-24  
Figure 6.1 SEM images of (a) NiCo-MOF-74, (b) NC-800, (c) NC-350, (d) Co-MOF-74, (e) C-800, 
and (f) C-350. Low and high-resolution TEM images of (g-h) NC-800 and (i-j) NC-350. Reproduced 
with permission from ref [42]. Copyright 2018, American Chemical Society. 
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Figure 6.2 XRD spectra of the as-prepared NiCo-MOF-74 and Co-MOF-74 particles. Reproduced 
with permission from ref [42]. Copyright 2018, American Chemical Society. 
 
The thermal decomposition behaviors of NiCo-MOF-74 and Co-MOF-74 particles were 
investigated by TGA in N2 and air atmospheres, respectively, as depicted in Figure 6.3. The TGA 
profiles of both samples are similar to those of MOF-74 reported in previous literatures.24-25 In nitrogen 
atmosphere, the TGA profiles of both NiCo-MOF-74 and Co-MOF-74 show two weight loss steps. 
The first weight loss step occurring in the range of 25 to 200 oC corresponds to the evaporation of 
solvents. The second weight loss step occurring between 280 to 500 oC can be assigned to the 
decomposition of MOF-74, and the curves become stabilized after 800 oC, suggesting that no other 
weight loss due to decomposition or phase transformation occurs. In contrast, under air atmosphere, 
two weight loss steps are observed as well. The first weight loss step corresponds to the evaporation 
of solvents, while the second weight loss step occurring between 200 to 350 oC can be attributed to the 
framework decomposition to form metal oxides.21 Based on the TGA results, I determined that NiCo-
MOF-74 and Co-MOF-74 were heated at 800 oC under N2 atmosphere to obtain the hybrid materials. 
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Figure 6.3 TGA curves of (a) NiCo-MOF-74 and (b) Co-MOF-74 in N2 and air atmospheres. 
Reproduced with permission from ref [42]. Copyright 2018, American Chemical Society. 
 
As shown in Figure 6.1b and e, after carbonized at 800 oC in N2 atmosphere, the spherical shape 
and polyhedron rod-like shape of NC-800 and C-800 inherited from their mother precursors are still 
maintained. However, the surface of the carbonized MOF particles is significantly rougher than that 
of the original MOF particles. It can be observed from Figure 6.1c and f that after the thermal 
decomposition at 350 oC in air, the shape of NC-350 is slightly distorted with a much rougher surface 
than that observed in NC-800. Interestingly, several small pores appear in the cross-section of C-350, 
which infer the significant removal of the organic frameworks during the heat treatment in air. TEM 
and HRTEM images of NC-800 and NC-350 are shown in Figure 6.1g-j and Figure 6.4, respectively, 
revealing the well-crystallized structure of these hybrid materials. For NC-800, the lattice spacing of 
0.20 and 0.18 nm can be ascribed to (111) and (200) planes of the fcc-NixCo1-x crystal phase. For C-
800 (Figure 6.4a-b), the lattice spacing of 0.20 nm matches well with the d-spacing of fcc-Co (111) 
plane. Since the lattice constant of Ni and Co fcc crystals are very similar, it is hard to observe the peak 
shifting caused by their alloying. These results indicate that under N2 atmosphere, Ni and Co ions tend 
to be reduced into metal nanoparticles at high temperatures. Further, the graphitic carbon layers can 
be observed in both samples with a lattice spacing of 0.34 nm, ascribed to the (002) plane of graphite. 
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The formation of such graphitic layers is attributed to the catalytic effect of the formed or reduced Ni 
and Co nanoparticles during the carbonization process. The presence of graphitic layers is highly 
beneficial for enhancing the electrical conductivity of the hybrid materials.26  
 
 
 
Figure 6.4 Low and high-magnification TEM images of (a-b) C-800 and (c-d) C-350. Reproduced 
with permission from ref [42]. Copyright 2018, American Chemical Society. 
 
The graphitic carbon layers however are not observed in both NC-350 and C-350 because the 
samples were treated at low temperature which is not enough for graphitization. For NC-350, the 
observed lattice fringes with d-spacing of 0.21 nm and 0.24 nm correspond well with the d-spacing of 
(200) and (111) planes of fcc-NixCo1-xO phase, respectively. In comparison, the HRTEM image of C-
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350 shows lattice fringes with d-spacing of 0.24 nm and 0.29 nm, which can be indexed to the (311) 
and (220) planes of Co3O4, respectively. All of the measured HRTEM results are in good agreement 
with the XRD analysis as described below. The EDS elemental mapping results given in Figure 6.5 
confirm that C, Ni, and Co elements are uniformly distributed in the hybrid materials. The elemental 
atomic percentage is listed in Table 6.1. The carbon contents in NC-800 and C-800 are 79.83 and 
84.98 at. % and the high amount of carbon in both hybrid materials is beneficial for enhancing their 
electrical conductivity. Noticeably, the ratio of Ni:Co in NC-800 remains similar as the precursor, 
however, the Ni:Co ratio is decreased in NC-350. 
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Figure 6.5. The EDS elemental mapping of (a) NC-800, (b) NC-350, (c) C-800, and (d) C-350. 
Reproduced with permission from ref [42]. Copyright 2018, American Chemical Society.
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Table 6.1 The elemental atomic percentage as measured by EDS. Reproduced with permission from 
ref [42]. Copyright 2018, American Chemical Society. 
 
Sample Ni (at.%) Co (at.%) C (at.%) O (at.%) 
NiCo-MOF-74 7.21 1.60 78.89 12.31 
NC-800 15.90 2.96 79.83 1.30 
NC-350 57.09 13.81 25.64 3.47 
Co-MOF-74 - 12.79 80.24 6.97 
C-800 - 14.00 84.98 1.02 
C-350 - 78.79 10.54 10.67 
 
Figure 6.6 shows XRD patterns of all the prepared samples. A clear comparison can be drawn 
between the crystallinity of the mixed oxides and alloy by matching the peaks to the standard peaks. 
In the XRD pattern of the NC-800 sample, the strong diffraction peaks at around 44.3o and 51.7 o can 
be indexed to the (111) and (200) planes of fcc-NixCo1-x crystal phase. For NC-350, the XRD peaks 
located at 37.3 o, 43.1 o, and 62.6 o can be assigned to the (111), (200), and (220) planes of fcc-NixCo1-
xO phase. In addition, the small peaks of the fcc-NixCo1-x crystal phase are also detected. For C-800, 
the peaks at 44.22 o and 51.52 o correspond well to the (111) and (200) planes of pure fcc-Co (JCPDS 
No. 01-077-7451). On the other hand, all of the diffraction peaks of C-350 can be indexed to spinel 
Co3O4 (JCPDS No. 43-1003), indicating the complete transformation of Co-MOF-74 to Co3O4. 
The surface area and pore size distribution are crucial factors which determine the electrochemical 
performance of electrode materials. Nitrogen adsorption-desorption measurements were conducted at 
77 K to investigate the porosity of both NiCo-MOF-74 and Co-MOF-74 and their derived materials. 
The isotherms of NiCo-MOF-74 and Co-MOF-74 are classified as type I curves, where a steep increase 
occurs in the low pressure range (Figure 6.6b-c), suggesting their microporous nature which is in 
accordance with previous literatures.27-28 The specific surface areas of NiCo-MOF-74 and Co-MOF-
74 as calculated by BET method are 729.5 and 600.6 m2 g-1, respectively. For NC-800, NC-350, C-
800, and C-350, the specific surface areas are 84.4, 43.1, 215, and 8.60 m2 g-1, respectively. As shown 
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in the insets of Figure 6.6b-c, the pore size shifts to higher size by the thermal treatment, indicating 
the formation of mesopores in all the prepared hybrid materials. In particular, the sample NC-800 
possesses a large amount of mesopores with a wide pore size distribution from 5 to 50 nm (centered at 
30 nm) and a large pore volume of 0.54 cm3 g-1. The large pore volume is beneficial for achieving fast 
electrochemical reactions as it can provide more active sites for ions and electrons to transfer within 
the electrolyte and electrode surface, which can ultimately enhance the electrochemical performance 
of the electrode material. The specific surface area and pore volume of all the MOF-derived samples 
are summarized in Table 6.2. 
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Figure 6.6 (a) XRD patterns of all the treated samples, including NC-800, NC-350, C-800, and C-350. 
N2 adsorption-desorption isotherms and pore size distribution curves (insets) of (b) NiCo-MOF-74, 
NC-800, NC-350 and (c) Co-MOF-74, C-800, C-350. Reproduced with permission from ref [42]. 
Copyright 2018, American Chemical Society. 
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Table 6.2. The surface area and pore volume of all the prepared samples as analyzed by N2 adsorption-
desorption isotherms. Reproduced with permission from ref [42]. Copyright 2018, American Chemical 
Society. 
 
Sample BET surface area (m2 g-1) Pore Volume [cm3 g-1] 
NiCo-MOF-74 729.5 0.05 
NC-800 84.4 0.54 
NC-350 43.1 0.10 
Co-MOF-74 600.6 0.23 
C-800 215.1 0.30 
C-350 8.60 0.11 
 
XPS analysis was carried out to investigate the valence states of the composing elements in NC-
800, NC350, C-800 and C-350 (Figure 6.7). The Ni 2p spectrum can be fitted with three major spin-
orbit doublets of Ni0, Ni2+, Ni3+ and satellites. The Co 2p spectrum is further fitted with three spin-
orbit doublets of Co0, Co2+, Co3+ and satellites.29 The presence of oxidation states of Ni and Co in NC-
800 may be due to slight oxidation of these metals when exposed to surrounding temperature and 
humidity during the XPS sample preparation. This is further supported by the low atomic percentage 
of oxygen in sample NC-800 (1.3 at. %), as evident in Table 6.1. The main peaks are still Ni0 and Co0 
in both NC-800 and C-800, as evident in Figure 6.7. The C 1s spectrum is fitted into six peaks of C 
(sp2), C (sp3), C-OH, C-O-C, COOH, and π-π*.30 Interestingly, the ratio of C (sp2) to C (sp3) in NC-
800 is lower than that in C-800, suggesting that Co is more effective in promoting the formation of 
graphitic carbon. In NC-350 and C-350, it is found that Co and Ni were reacted with oxygen intensively 
to form metal oxides. Due to the thermal treatment at lower temperature, graphitic carbon (sp2) is not 
observed in these samples, which is in accordance with the TEM results. 
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Figure 6.7 The high-resolution XPS spectra of C 1s, Ni 2p, and Co 2p in (a) NC-800 and (b) NC-350. 
The high-resolution XPS spectra of C 1s and Co 2p in (c) C-800 and (d) C-350. Reproduced with 
permission from ref [42]. Copyright 2018, American Chemical Society. 
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The electrochemical properties of NC-800, NC-350, C-800 and C-350 were investigated using a 
three-electrode system in a 6 M KOH aqueous solution. Figure 6.8a shows the typical CV curves of 
as-prepared samples at a scan rate of 5 mV s-1 in the potential window of 0-0.5 V. The distinct two 
pairs of redox were observed in NC-800 and NC-350. It has been reported that the surface of Ni and 
Co metallic nanoparticles may convert into NiO/Co3O4 and Ni(OH)2/Co(OH)2, while NixCo1-xO 
nanoparticles may convert into NiOOH and CoOOH in an alkaline electrolyte.31-32 The CV curves of 
these hybrid materials at various scan rates from 5 to 100 mV s-1 are given in Figure 6.9, which show 
typical pseudocapacitive characteristics. The galvanostatic charge-discharge (GCD) measurements 
were also carried out at different current densities (Figure 6.8 and Figure 6.9). The specific 
capacitances of NC-800, NC-350, C-800, and C-350 after the cycling activation are 715, 573, 146 and 
33 F g-1, respectively, at 1 A g-1. At a low current density of 0.5 A g-1, NC-800 shows a high specific 
capacitance of 1069 F g-1. Figure 6.8c displays the specific capacitance versus current density (from 
0.5 to 5 A g-1) curves of all the samples. Evidently, both NC-800 and NC-350 show higher specific 
capacitance than C-350 and C-800 due to the rich redox reactions provided by the binary metal system. 
Among all the samples, NC-800 shows the highest specific capacitance, which may be attributed to its 
higher surface area (84.4 m2 g-1) and pore volume (0.54 g-1 cm3 g-1) than NC-350 (see Table 6.2). 
Moreover, NC-800 has uniquely graphitized carbon structure (sp2 carbon) with a large presence of 
mesopores, which can enable facile transport of electrons and electrolyte ions. Even at a high current 
density of 5 A g-1, the capacitance of NC-800 remains as high as 566 F g-1, thus highlighting its good 
capacitance retention. Interestingly, NC-350 shows very high capacitance retention of 94% with the 
increase in current density from 0.5 to 5 A g-1. This can be attributed to the formation of stable state of 
mixed metals and metal oxides which contributes to the increased conductivity, leading to relatively 
low activation energy for electrons, rich redox reactions, and stable characteristics of metal oxides.18, 
33
 Therefore, at a higher current density of 5 A g
-1, the specific capacitance values of NC-800 and NC-
350 were almost similar. As expected, C-800 and C-350 show comparatively lower capacitance, which 
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may be attributed to the insufficient Faradic reaction in single metal system. However, C-800 shows 
better capacitance retention than NC-800 and this might be due to the higher ratio of sp2 to sp3 carbon, 
which may lead to a more stable performance at higher current densities. Cycling tests of NC-800 and 
NC -350 were carried out at a scan rate of 40 mV s-1 for 2500 cycles. As shown in Figure 6.10, the 
specific capacitance reaches the highest value after 2000 cycles, suggesting a full activation within the 
interface of electrode and electrolyte. No visible degradation in specific capacitance is observed for 
both NC-800 and NC-350 even after 2500 cycles, thereby indicating the excellent cycling stability of 
both materials. The excellent electrochemical performance of both NC-800 and NC-350 can be 
attributed to their large surface area which can provide more active sites within the pores for fast 
electrochemical reactions and facilitate the transfer of ions or electrons at the electrolyte/electrode 
interface.9 Moreover, the synergistic effect of the graphitic carbon and the binary metal system can 
enhance the overall electrical conductivity of the composites. Lastly, the presence of mesopores in 
these hybrid materials can provide fast diffusion pathway for the electrolyte infusion and ion or 
electron transport.4 Table 6.3 compares the electrochemical performance of NC-800 and NC-350 with 
other MOF-derived materials reported in the literatures for supercapacitor applications. As evident 
from this table, NC-800 shows better electrochemical performance than many previously reported 
MOF-derived metal oxides34-36 and metal oxide/carbon hybrid materials,37-40 thus highlighting its 
promising potential as an electrode material for high-performance supercapacitors. 
Electrochemical impedance spectroscopy (EIS) measurement was conducted to determine the 
resistance of the electrodes. As shown in Figure 6.11, the Nyquist plots revealed a partial semicircle 
in the high frequency region and a straight line in the low frequency region. The steeper slope of the 
straight line of NC-350 in the low frequency region compared to the other samples suggests a relatively 
lower ionic diffusion resistance from electrolyte to electrode. The diameter of partial semicircle in the 
high frequency area of NC-350 is smaller than other samples, indicating a lower charge transfer 
resistance. Such an observation is in good agreement with previous results which demonstrated that 
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the presence of binary metal oxide compound can improve the electrical conductivity and provide 
excellent capacitance retention. 
 
Figure 6.9 Cyclic voltammetry (CV) and galvanostatic charge-discharge curves of (a, b) NC-800, (c, 
d) NC-350, (e, f) C-800, and (g, h) C-350 at different scan rates and current densities, respectively. 
The narrower potential window at the current density of 0.5 A g-1 is caused by the lower electrical 
conductivity of C-800 and C-350, as they are composed of single metal component. Reproduced with 
permission from ref [42]. Copyright 2018, American Chemical Society.
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Figure 6.10 The cycling stability measurements of (a) NC-800 and (b) NC-350 for over 2500 cycles 
at a scan rate of 40 mV s-1. Reproduced with permission from ref [42]. Copyright 2018, American 
Chemical Society. 
 
Figure 6.11 The EIS curves of NC-800, NC-350, C-800, and C-350. Inset shows the high resolution 
of the EIS curves. Reproduced with permission from ref [42]. Copyright 2018, American Chemical 
Society.
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Table 6.3 Comparison of the electrochemical properties of the NiCo-MOF-74-derived binary mixed 
metal hybrid materials with previously reported MOF-derived materials for supercapacitor 
applications. Reproduced with permission from ref [42]. Copyright 2018, American Chemical Society. 
 
MOF-derived 
material 
MOF 
precursor 
Electrolyte Rate 
capability 
Cycling 
Performance 
(retention) 
Ref.   
NC-800 NiCo-MOF-74 6 M KOH 715 F g-1 
at 1 A g-1 
>100% after 
2500 cycles 
at 40 mV s-1 
This 
work 
NC-350 NiCo-MOF-74 6 M KOH 513 F g-1 
at 1 A g-1 
>100% after 
2500 cycles 
at 40 mV s-1 
This 
work 
Co3O4 nanoparticles Co-MOF-74 6 M KOH 115 F g
-1 
at 1 A g- 
80% after 
2000 cycles 
at 10 A g-1 
18 
NiO nanoparticles Ni-MOF-74 6 M KOH 119 F g-1 
at 1 A g-1 
89% after 
2000 cycles 
at 10 A g-1 
18 
Porous NiO 
octahedra 
Ni-MOF 6 M KOH 322 F g-1 
at 1 A g-1 
>100% after 
400 cycles at 
1 A g-1 
34 
Flake-like NiO Ni-MOF 3 M KOH 485 F g-1 
at 1 A g-1 
87% after 
5000 cycles 
at 5 A g-1 
41 
Porous Mn2O3 
nanobars 
Mn-BTC 2 M KOH 244 F g-1 
at 1 A g-1 
88% after 
1000 cycles 
at 10 A g-1 
35 
CoS1.097/N-doped 
carbon 
 
PPF-3 2 M KOH 360 F g-1 
at 1.5 A g-
1 
90% after 
2000 cycles 
at 
12 A g-1 
38 
CoNi 
nanoparticles@ 
S, N-doped carbon 
 
Co-Ni-MOF([Co-
Ni(Tdc)(Bpy)]n) 
6 M KOH 312 F g-1 
at 1 A g-1 
95.1% after 
3000 cycles 
at 
10 A g-1 
37 
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Co9S8@S, N-doped 
carbon 
 
Co-
MOF([Co(Tdc)(Bpy)]n) 
6 M KOH 429 F g-1 
at 1 A g-1 
98% after 
2000 cycles 
at 5 A g-1 
39 
Co3O4/ZnFe2O4 
hollow 
nanocomposite 
Co3O4/Fe
III-MOF-5 6 M KOH 326 F g-1 
at 1 A g-1 
80.7% after 
1000 cycles 
at 10 A g-1 
36 
MnOx nanoparticles 
@carbon sheets 
Mn-MOF 2 M KOH 220 F g-1 
at 1 A g- 
94.7% after 
2000 cycles 
at 4 A g-1 
40 
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6.4 Conclusions 
In this chapter, I have successfully fabricated a series of binary mixed metal hybrid materials with 
highly porous structures. By directly carbonizing the bimetallic NiCo-MOF-74 particles at 800 oC 
under flowing N2, graphitic carbon/Ni-Co/Co0.75Ni0.25 composites (i.e. NC-800) are obtained. In 
contrast, the calcination of the bimetallic NiCo-MOF-74 particles in air at 350 oC (i.e. NC-350) gives 
rise to the formation of NiCoO2/Ni-Co composites. Although NC-800 and NC-350 were synthesized 
under different thermal conditions, they exhibit high specific capacitances of 715 and 513 F g-1, 
respectively, at a high current density of 1 A g-1. More attractively, both hybrid materials do not show 
visible degradation in their specific capacitance after 2500 cycles at 40 mV s-1, thereby indicating their 
good cycling stability. These results suggest the promising potential of MOF-derived binary mixed 
metal hybrid materials as electrode materials for supercapacitors with enhanced electrochemical 
performance. 
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Chapter 7 
Controlled Chemical Vapor Deposition for Synthesis 
of Nanowire Arrays of Metal-Organic Frameworks 
(MOFs) and Their Thermal Conversion to 
Carbon/Metal Oxide Hybrid Materials 
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7.1 Introduction 
Nanostructured carbon materials are essential for creating inexpensive, high performance 
electrodes for applications in hydrogen storage, adsorbents, catalyst supports, and electrode 
materials.1,2 The performance of nanoporous carbon materials depends sensitively on the hierarchical 
ordering of porosity at all length scales from microscale to macroscale dimensions. Sacrificial 
templates can serve as an effective route to control the ordering of porous carbon by creating materials 
with: (i) porous architectures, (ii) interconnected porous networks, and (iii) high surface areas.3 
Recently, metal-organic frameworks (MOFs) have been used as sacrificial precursors because they 
decompose predictably into highly porous networks of conductive carbon.4-6 MOFs are a class of 
crystalline solid composed of metal ions or clusters coordinated with organic ligands.7-9 The choice of 
metal and organic linker determines the structure and surface chemistry of the MOF, ultimately 
dictating its utility in gas storage, catalysis, and molecular separation technology. The uniformity of 
MOFs and their adjustable parameters makes them ideal candidates as sacrificial templates for 
nanoporous carbon materials for various applications.  
Depending on conditions, heat treatment of MOFs generates either porous carbons or decomposed 
metal oxides.10 By varying annealing temperatures and times, researchers can control composition, 
surface area, and pore size. After the thermal treatment the components of transition metal oxides can 
provide faradaic reaction which contributes to the desired chemical reaction.11-13 Recently, it was 
shown that some hybrid structures composed of transition metal oxides with carbon-based materials 
have better stability and conductivity.14-16 MOFs may be able to create these kinds of functional 
heterostructures because of the presence of metal nodes along with the existence of organic linkers.10 
Including the species of transition metals inside the structure of MOFs is sometimes beneficial for 
fabricating nanoporous carbon (NC) framework because of their catalytic effects to generate graphitic 
carbon.17,18 
Yet, careful control of the pyrolysis step of MOFs is still a challenge because aggregation of MOF 
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particles during the formation of nanoporous carbon may result in collapsed structures with poor 
electrical conductivity and low surface areas. Thus, I hypothesized that anchoring these MOFs particles 
to the surfaces of larger 1D nanostructures may prevent them from aggregating and help maintain the 
nanoporous framework with good control of orientation. So far, various MOF-coated nanowire arrays 
have been examined for use in various applications.19-21 However these methods use solvothermal 
colloidal approaches to grow the MOF, making it difficult to control the thickness or morphology of 
the MOF layer because the nucleation and growth rate will depend on various interactions between the 
surface structure of the substrate with the solvent and precursors.  
Researchers are presently exploring alternative methods to prepare MOFs without using solvents. 
Solvent-free processes can generate continuous films with better control of crystallinity and 
uniformity.22,23 Additionally, these processes avoid solvents that cause chemical contamination and 
corrosion of the substrate. In particular, the growth of metal-organic frameworks by chemical vapor 
deposition (i.e. MOF-CVD) is promising because physically deposited ZnO can be converted into ZIF-
8 simply by exposing it to 2-methylimidazole (2-Melm) vapor under moderate heat.24 The MOF-CVD 
method has primarily been used to convert planar 2D oxides and various microstructures into ZIF-8, 
but the power of this method lies in its ability to conformally transform complex 3D structures into a 
continuous crystalline film of MOF. Since various ZIF frameworks with different topologies can be 
made with other metal ions (e.g. Fe, Co, Cu), the MOF-CVD method may serve as a platform for new 
kinds of interesting metal/organic heterostructures. 
In this chapter, I extend the MOF-CVD method to apply a conformal coating of zeolitic 
imidazolate frameworks on the surfaces of dense 3D arrays of zinc oxide (ZnO) and cobalt carbonate 
hydroxide (Co(CO3)0.5(OH)·0.11H2O) nanowires supported by a conductive carbon cloth. The 
nanowires were generated with a simple hydrothermal method and grow directly on all surfaces of the 
cloth. The nanowire sample was exposed to 2-Melm vapor to generate the ZnO@ZIF-8 and 
Co(CO3)0.5(OH)·0.11H2O@ZIF-67 nanowires. The vaporized 2-Melm reacts with the metal cations on 
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the surface of nanowires, continuously converting layers of metal oxide into MOF. Then 
Co(CO3)0.5(OH)·0.11H2O@ZIF-67 samples were carbonized at high temperature to generate hybrid 
Co3O4/NC nanowire arrays according to structural analysis. I used the Co3O4/NC samples in an 
electrochemical supercapacitor device because the combination of Co3O4 with carbon should enable 
extraordinary pseudo-capacitive properties.25-27 Growing the material on carbon cloth creates a high 
surface area electrode with high electrical conductivity, corrosion resistance and excellent mechanical 
strength. MOF-CVD can result in the deposition of continuous films of nanoporous carbon covering 
the entire surface of the Co3O4 nanowires, ensuring fast electron transport without the use of any 
polymer binder. The flexible 3D carbon cloth serves as a current collector in energy storage 
applications. 
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7.2 Experimental 
7.2.1 Materials 
Zinc acetate dehydrate (Zn(CHCOO)2·2H2O), zinc nitrate hexahydrate (Zn(NO3)2·6H2O), 
hexamethylenetetramine (HMTA) (C6H12N4), ammonia (NH3·H2O), and cobalt(II) nitrate hexahydrate 
(Co(NO3)2·6H2O) were obtained from Wako Pure Chemical Industries. Urea (NH2CONH2) and 
ammonia fluoride (NH4F) were purchased from Tokyo Chemical Industry Company (TCI). 2-
methylimidazole (2-Melm) and PEO20PPO70PEO20 (Pluronic P123) were obtained from Sigma-
Aldrich. All reagents were used without further purification. 
7.2.2 Synthesis 
Synthesis of zinc oxide nanowire arrays (abbreviated as ZnO-arrays) on carbon cloth. 
A hydrothermal method was used to synthesize ZnO nanowires on carbon cloth. A 1 cm2 piece of 
carbon cloth was immersed in 0.01 M Zn(CHCOO)2·2H2O ethanol solution for 1 hour. Then the cloth 
was annealed at 200°C for 2 h in air. The treated carbon cloth was transferred to a Teflon-lined stainless-
steel autoclave containing 40 mL of the following aqueous solution: 0.05 M Zn(NO3)2, 0.05 M HMTA, 
0.05 M NH3, and 2 mM Pluronic P123. The autoclave was sealed and heated at 100°C for 12 h. After 
the autoclave had cooled to room temperature, the cloth sample was rinsed with ethanol and water, 
and then dried at 50°C overnight. 
Synthesis of cobalt carbonate hydroxide (Co(CO3)0.5(OH)·0.11H2O) nanowire arrays 
(abbreviated as Co(CO3)0.5(OH)·0.11H2O-arrays) on carbon clothes. 
A 1 cm2 piece of carbon cloth was immersed in 36 mL of the following aqueous solution: 1 mM 
Co(NO3)2·6H2O, 5mM urea, and 4 mM NH4F. The solution and cloth were transferred to a Teflon-
lined stainless-steel autoclave and heated at 120°C for 10 h. After the autoclave had cooled to room 
temperature, the cloth sample was rinsed with ethanol and water, and then dried at 50°C overnight. 
Conversion to MOFs via a chemical vapor method. 
An excess amount of 2-Melm powder was loaded into the bottom of a teflon autoclave. Next, the 
Chapter 7 
 
157 
 
obtained Zn-arrays on carbon cloth were placed inside a separate vessel and this was put on top of the 
2-Melm powder. The autoclave was sealed and heated to 100°C for 15 h. The samples were labeled 
according to temperature (x) and treatment time (y), so the sample was called "ZnO@ZIF-8-x-y" or in 
the above case ZnO@ZIF-8-100-15. I used the same notation for the Co(CO3)0.5(OH)·0.11H2O@ZIF-
67-x-y samples. 
Preparation of Co3O4/nanoporous carbon nanowire arrays. 
The Co(CO3)0.5(OH)·0.11H2O@ZIF-67-x-y samples were annealed by heating the sample under 
an N2 atmosphere to 400 °C at a ramp rate of 2°C min
-1 and held at that temperature for 1 h. The 
samples were subsequently heated in air to 250°C at a ramp rate of 2°C min-1 and held at that 
temperature for 2 h. The sample was denoted as Co3O4/NC-x-y. For comparison, a Co3O4 arrays were 
prepared from Co-array directly by heating in air to 300°C at a ramp rate of 2°C min-1 and held at that 
temperature for 2 h. 
7.2.3 Characterization 
The crystalline structures of the samples were characterized with powder X-ray diffraction 
(Rigaku 2500) using a Cu Kα (λ= 0.15406 nm) x-ray source. The morphology of the samples were 
investigated with scanning electron microscopy (SEM; Hitachi S-4800 operated at 5kV), and 
transmission electron microscopy (TEM; JEM-2100F operated at 200 kV). Nitrogen adsorption-
desorption isotherms were measured with a BELSORP-mini (BEL, Japan) at 77 K. The surface areas 
(S) and pore volumes (V) were obtained via the Brunauer-Emmett-Teller (BET) analysis and the 
Barrett-Joyner-Halenda (BJH) method. 
7.2.4 Electrochemical measurements 
The electrochemical measurements were carried out with an electrochemical workstation (CHI 
660e, CH Instruments) using standard three-electrode and two electrode measurements. For the three-
electrode measurements, a Hg/HgO electrode (RE-61AP, ALS Co., Ltd) and a platinum wire electrode 
were used as a reference electrode and a counter electrode, respectively. All the electrochemical 
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measurements were carried out in 6 M KOH aqueous electrolyte. The areal capacitance was calculated 
using galvanostatic charge/discharge with the following equation: 
C =
2𝐼 ∫ 𝑉𝑑𝑡
𝑉2
 
where I is the discharge current density (A cm-2), V is the voltage, and t is the discharging time. 
 
7.3 Results and discussion 
Figure 7.1a illustrates how both ZnO@ZIF-8-x-y and Co(CO3)0.5(OH)·0.11H2O@ZIF-67-x-y 
samples were formed via a two-step reaction. Initially the Zn-arrays and Co-arrays were synthesized 
on carbon cloth by a hydrothermal growth process. Then the sample was exposed to 2-Melm vapor to 
convert the outer shell of the ZnO and Co(CO3)0.5(OH)·0.11H2O nanowires into ZIF-8 and ZIF-67 
MOF, respectively via the MOF-CVD approach. The Co(CO3)0.5(OH)·0.11H2O@ZIF-67-x-y samples 
were further carbonized and oxidized into Co3O4/NC nanowires arrays which is illustrated in Figure 
7.1b. The ZnO-arrays and Co(CO3)0.5(OH)·0.11H2O-arrays were served as precursors, providing the 
tetrahedrally-coordinated transition metal ions to form the MOF shells. The ZnO-arrays were exposed 
to a 2-Melm vapor atmosphere at 100°C and 120°C for various times (t = 0, 6, 9, 15, and 24 h). X-ray 
diffraction (XRD) was used to track the evolution of the reaction as ZnO transformed into highly 
crystalline ZIF-8 (Figure 7.2a). The starting ZnO-arrays have the standard ZnO structure (JCPDS No. 
36-1451). At 6-hours (i.e. ZnO@ZIF-8-100-6), peaks at 7.3° and 12.7° that are characteristic of ZIF-8 
were observed. Over time the ZIF-8 peaks became distinct while the ZnO peaks diminished slightly 
due to the consumption of ZnO. The same effect was observed in the ZnO@ZIF-8-120-24 sample. On 
the other hand, the Co(CO3)0.5(OH)·0.11H2O-arrays matched its pattern in the crystallographic 
database (JCPDS No. 48-0083). The identity of the material was further verified using TG analysis 
(Figure 7.3). These samples were heated 90°C using the same time series as the ZnO samples (Figure 
7.2b). A longer heating time drove the formation of ZIF-67 and the main XRD peaks become 
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increasingly clear between the Co(CO3)0.5(OH)·0.11H2O@ZIF-67-90-6 to 
Co(CO3)0.5(OH)·0.11H2O@ZIF-67-90-24 samples. 
 
Figure 7.1 Scheme showing the synthetic process to generate (a) ZnO@ZIF-8-x-y and 
Co(CO3)0.5(OH)·0.11H2O@ZIF-67-x-y using 2-Melm vapor where x and y are the synthesis 
temperature and synthesis time, respectively. (b) Co3O4/NC fabricated by the 2-Melm vapor synthesis 
process. Reproduced with permission from ref [47]. Copyright 2018, American Chemical Society. 
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Figure 7.2 Wide-angle XRD patterns of (a) ZnO-arrays and (b) Co(CO3)0.5(OH)·0.11H2O-arrays 
thermally treated at various temperatures and times. Reproduced with permission from ref [47]. 
Copyright 2018, American Chemical Society. 
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Figures 7.3 TGA curves of the Co(CO3)0.5(OH)·0.11H2O precursor measured by TGA under an air 
atmosphere at the temperature ranging from 25 to 900 °C with a heating rate of 5 °C min-1. Reproduced 
with permission from ref [47]. Copyright 2018, American Chemical Society. 
 
Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) can indicate 
how morphology and crystallinity changes during the MOF-CVD conversion process. Compared to 
pristine Zn-arrays (Figures 7.4a and 7.5a), the ZnO@ZIF-8-100-3 sample exhibited clear 
morphological changes and the nanowires became noticeably thicker and rougher as 2-Melm corroded 
and transformed the ZnO surface (Figure 7.5b-f). The ZnO@ZIF-8-100-15 sample was very uniform 
and grew normal to the surface of the carbon threads that made up the cloth. It retained the nanowire 
shape with a ~40nm inner ZnO core and ~25 nm ZIF-8 shell (Figures 7.4b-d and 7.6). For comparison, 
the ZnO@ZIF-8-100-9 sample had a ~70 nm of inner ZnO core and a ~15-20nm ZIF-8 shell (Figure 
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7.7). After 24 hours, the morphologies of ZnO@ZIF-8-100-24 eventually collapsed as the ZnO 
nanowire core was totally transformed, generating bulky ZIF-8 crystals. Performing the same 
experiments at 120°C produced similar results although the reaction proceeded much faster, obviously 
(Figure 7.5g-i). At ZnO@ZIF-8-120-3 the surface of the nanowires became wider in diameter as the 
ZIF-8 grew very quickly. Subsequently, ZnO@ZIF-8-120-6 had a similar morphology as ZnO@ZIF-
8-100-24. When the reaction was further prolonged to 24 hours (i.e. ZnO@ZIF-8-120-24), ZIF-8 
particles with polyhedral shapes formed, ostensibly causing the strong ZIF-8 peaks in XRD data 
(Figure 7.2a). Based on these observations, the rough mechanism for the conversion process can be 
separated into three stages: dissolution-reprecipitation, crystal growth, and Ostwald ripening.28-29 
Initially the 2-Melm drives the corrosion of ZnO and formation of ZIF-8 on the surface of the 
nanowires. The morphology and shape of the original nanowires is well-preserved at this stage in the 
reaction. It corresponds to the following samples: ZnO@ZIF-8-100-6, ZnO@ZIF-8-100-9, ZnO@ZIF-
8-100-12, ZnO@ZIF-8-100-15, and ZnO@ZIF-8-120-3. Then, the further crystal growth caused by 
higher temperature or prolonged time leads more nucleation and crystal growth of ZIF-8 crystal 
particles, which can be observed in ZnO@ZIF-8-100-24 and ZnO@ZIF-8-120-6. At the final stage 
corresponding to ZnO@ZIF-8-120-24, only larger ZIF-8 particles (~1.5 to 2.0 µm in diameter) are 
observed suggesting that the smaller particles have been consumed via Ostwald ripening. 
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Figure 7.4 (a,e) SEM images of (a) the original ZnO-arrays and (e) Co(CO3)0.5(OH)·0.11H2O-arrays 
grown on conductive carbon cloth. (b-d) Low magnification and high magnification SEM images, and 
TEM image of the ZnO@ZIF-8 sample grown at 100ºC for 15 hours (i.e. Zn-100-15). (f-h) Low 
magnification and high magnification SEM images, and TEM image of the 
Co(CO3)0.5(OH)·0.11@ZIF-67 sample grown at 90ºC for 15 hours (i.e. 
Co(CO3)0.5(OH)·0.11H2O@ZIF-67-90-15). Reproduced with permission from ref [47]. Copyright 
2018, American Chemical Society. 
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Figure 7.5 SEM images of (a) the original ZnO-arrays on the carbon cloth, and the (b) ZnO@ZIF-8-
100-3, (c) ZnO@ZIF-8-100-6, (d) ZnO@ZIF-8-100-9, (e) ZnO@ZIF-8-100-12, (f) ZnO@ZIF-8-
100-24, (g) ZnO@ZIF-8-120-3, (h) ZnO@ZIF-8-120-6, and (i) ZnO@ZIF-8-120-24 samples, 
respectively. Reproduced with permission from ref [47]. Copyright 2018, American Chemical 
Society.
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Figure 7.6 (a-c) TEM images of the ZnO@ZIF-8-100-15 in different magnifications. (d) A high-
angle annular dark field scanning TEM (HAADF-STEM) images combined with (e-h) energy-
dispersive x-ray spectroscopy (EDS) showing the locations of C, O, N, and Zn elements. Reproduced 
with permission from ref [47]. Copyright 2018, American Chemical Society. 
 
 
Figure 7.7 (a-c) TEM images of the ZnO@ZIF-8-100-9 sample at different magnifications. (d) A 
high-angle annular dark field scanning TEM (HAADF-STEM) images combined with (e-h) energy-
dispersive x-ray spectroscopy (EDS) showing the locations of C, O, N, and Zn elements. Reproduced 
with permission from ref [47]. Copyright 2018, American Chemical Society.
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I also studied the transformation of cobalt carbonate hydroxide to ZIF-67 by varying the reaction 
temperature and times (Figure 7.8). The original Co(CO3)0.5(OH)·0.11H2O-arrays were composed of 
smooth and sharp needles of Co(CO3)0.5(OH)·0.11H2O covering the carbon cloth (Figure 7.8a). At a 
temperature of 90°C the 2-Melm vapor was able to gradually thicken the nanowires with increasing 
reaction times according to SEM (Figure 7.8b-d). In Co(CO3)0.5(OH)·0.11H2O@ZIF-67-90-15 
(Figures 7.4f-h and 7.9), the thickness of ZIF-67 shell was ~150 nm, and the diameter of the inner 
core was ~200 nm. Reacting the samples for 24 hours caused the needle-like caused the structures to 
aggregate and collapse into small particles (Figure 7.8e). When raising the reacting temperature to 
100°C, Co(CO3)0.5(OH)·0.11H2O@ZIF-67-100-3 and Co(CO3)0.5(OH)·0.11H2O@ZIF-67-100-6 
samples did not retain the original morphology of the Co(CO3)0.5(OH)·0.11H2O@ZIF-67-arrays 
(Figure 7.8f-g). After 9 hours, the rigid rectangular shape of ZIF-67 was observed indicating that the 
Ostwald ripening stage is dominant (Figure 7.8h). 
Figure S5 SEM images of (a) the original Co-arrays on the carbon cloth, and the (b) 
Co(CO3)0.5(OH)·0.11@ZIF-67-90-6, (c) Co(CO3)0.5(OH)·0.11@ZIF-67-90-9, (d) 
Co(CO3)0.5(OH)·0.11@ZIF-67-90-15, (e) Co(CO3)0.5(OH)·0.11@ZIF-67-90-24, (f) 
Co(CO3)0.5(OH)·0.11@ZIF-67-100-3, (g) Co(CO3)0.5(OH)·0.11@ZIF-67-100-6, and (h) 
Co(CO3)0.5(OH)·0.11@ZIF-67-100-9 samples, respectively. Reproduced with permission from ref 
[47]. Copyright 2018, American Chemical Society. 
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The above results prove that 2-Melm vapor can penetrate the ZnO and Co(CO3)0.5(OH)·0.11H2O 
nanowires and form conformal films of ZIF-8 and ZIF-67 without the use of solvents. The presence of 
water is essential for hydration of ZnO to Zn(OH)2. Through the reaction between Zn
2+ and 2-Melm, 
ZIF-8 forms on the surface of nanowires. The conditions that lead to the formation of ZIF-8 and ZIF-
67 should be similar. However, the transformation from Co(CO3)0.5(OH)·0.11H2O to ZIF-67 happened 
much faster at 100 oC than for ZIF-8. In general, CoO is chemically less active than ZnO.30 In my case, 
Co(CO3)0.5(OH)·0.11H2O is served as a Co source.
31 It is sufficiently hydrated and therefore the 
crystallization of ZIF-67 can be initiated at a comparatively lower temperature. 
Energy dispersive X-ray spectroscopy (EDX) mapping images (Figure 7.7 and 7.9) confirm the 
presence of a core-shell structure in the ZnO@ZIF-8-100-15 and Co(CO3)0.5(OH)·0.11H2O@ZIF-67-
90-15 samples. The elemental C, N, O and Zn components were 51.6, 1.1, 9.0, and 38.3 atomic% in 
ZnO@ZIF-8-100-15, respectively. For the Co(CO3)0.5(OH)·0.11H2O@ZIF-67-90-15 sample the 
elemental C, N, O and Co components were 80.8, 1.6, 3.7, 13.9 atomic%, respectively. Porosity was 
examined with nitrogen adsorption-desorption measurements (Figure 7.10). All the measured samples 
show high uptakes of N2 gas in the low-pressure range (almost Type I isotherms), indicating the 
presence of micropores. The BET specific surface area was 94, 281, 85, and 357 m2·g-1 for ZnO@ZIF-
8-100-15, ZnO@ZIF-8-100-24, Co(CO3)0.5(OH)·0.11H2O@ZIF-67-90-15, and 
Co(CO3)0.5(OH)·0.11H2O@ZIF-67-90-24. All these results demonstrate that there is MOF coating the 
surface of the nanowires to generate the ZnO@ZIF-8 and Co(CO3)0.5(OH)·0.11H2O@ZIF-67 core-
shell structures. 
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Figure 7.9 (a-c) TEM images of the Co(CO3)0.5(OH)·0.11@ZIF-67-100-15 sample at different 
magnifications. (d) A high-angle annular dark field scanning TEM (HAADF-STEM) images combined 
with (e-h) energy-dispersive x-ray spectroscopy (EDS) showing the locations of C, O, N, and Co 
elements. Reproduced with permission from ref [47]. Copyright 2018, American Chemical Society. 
 
Figure 7.10 N2 adsorption-desorption isotherms of ZnO@ZIF-8-100-15, ZnO@ZIF-8-100-24, 
Co(CO3)0.5(OH)·0.11@ZIF-67-90-15, and Co(CO3)0.5(OH)·0.11@ZIF-67-90-24 samples, 
respectively. Reproduced with permission from ref [47]. Copyright 2018, American Chemical 
Society. 
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Co3O4 is used in electrochemical supercapacitors because it can store charge via faradic redox 
reactions. Co3O4 has higher theoretical capacitance (ca. 3560 F·g
−1) than ZnO.32,33 Additionally, ZIF-
67 thermally converts into conductive sp2 carbon due to the presence of Co nanostructures34-36, whereas 
ZIF-8 tends to form less-conductive sp3 carbon structures.37-39 Thus I focused on the Co3O4/NC hybrid 
electrodes as supercapacitor devices because they combine the merits of faradic metal oxides with 
conductive, high surface area porous carbons should enable better performing electrochemical 
supercapacitors. Various conditions were used to generate the Co(CO3)0.5(OH)·0.11H2O@ZIF-67 
structures described in this chapter, but I selected the Co(CO3)0.5(OH)·0.11H2O@ZIF-67-90-15 
sample for further experiments because it had a thick ZIF-67 shell, while still maintaining the original 
high surface area morphology of the nanowire array. Heating this sample transformed it into Co3O4/NC 
(denoted as Co3O4/NC-90-15) core-shell nanowire arrays (Figures 7.11a-b, e-f). For comparison, the 
Co(CO3)0.5(OH)·0.11H2O@ZIF-67-90-24 and Co(CO3)0.5(OH)·0.11H2O-array samples were also 
transformed with the same procedure (denoted as Co3O4/NC-90-24 and Co3O4) (Figures 7.11c-d).  
 
Figure 7.11 (a-d) SEM images of (a,b) Co3O4/NC-90-15, (c) Co3O4/NC-90-24, and (d) Co3O4. (e,f) 
TEM images of Co3O4/NC-90-15 with different magnifications. Reproduced with permission from ref 
[47]. Copyright 2018, American Chemical Society. 
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Wide-angle XRD patterns of the Co3O4/NC-90-15, Co3O4/NC-90-24 and Co3O4 samples are 
shown in Figure 7.12. The nanowire arrays in all samples were transformed into Co3O4 (JCPDS No. 
42-1467) by annealing them at 400°C in N2 atmosphere for 1 hour, then at 250
 oC in air for 2 hours. 
Figure 7.11a-b shows SEM images of the Co3O4/NC-90-15 that mostly preserved its original 
morphology even after heat treatment. The surface was rougher, and the shape of the wire distorted, 
likely due to the different lattice constants of the core and shell materials. A closer look at the surface 
of the nanocarbon in SEM revealed the presence of tiny nano-whiskers (Figure7.11b). Figure 7.11e-
f provides a closer look at these structures in TEM. Interestingly, the HRTEM images show that the 
presence of structures with an interlayer distance of 0.34 nm, corresponding to the (002) plane of sp2-
graphitic structures. ZIF-67 contains considerable amounts of cobalt species which are known to 
catalyze the formation of sp2-graphitic structures when heated in N2 atmosphere.
34-36 The porous 
carbon and the dispersed cobalt content can be observed in the EDX mapping (Figure 7.13). In contrast, 
Co3O4/NC-90-24 samples collapsed, forming aggregated structures due to shrinkage caused during the 
thermal step. A detailed SEM, HRTEM and EDX analysis of the Co3O4/NC-90-24 sample are shown 
in Figure 7.14, demonstrating the presence of Co3O4 crystalline structure. The element component 
ratio of C:O:Co in Co3O4/NC-90-15 and Co3O4/NC-90-24 samples were 15.0:19.5:65.5 and 
36.1:15.1:48.8 atomic%, respectively. The Co3O4/NC-90-15 sample had the highest BET surface area 
value of 74.0 m2·g-1, while Co3O4/NC-90-24 was only 44.5 m
2·g-1. Ostensibly, the lower surface area 
of the Co3O4/NC-90-24 sample was caused by aggregation and collapse of the porous architecture 
during the thermal step, since its counterpart Co3O4/NC-90-24 was markedly larger. The Co3O4 array 
sample prepared with the Co(CO3)0.5(OH)·0.11H2O-array had a surface area 60.4 m
2·g-1, which is 
which is attributed to the presence of mesopores (Figure 7.15). 
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Figure 7.12 XRD patterns of Co3O4/NC-90-15, Co3O4/NC -90-24, and Co3O4 samples, respectively. 
Reproduced with permission from ref [47]. Copyright 2018, American Chemical Society. 
 
 
Figure 7.13 High-angle annular dark field scanning TEM (HAADF-STEM) and elemental mapping 
images of C, O, and Co for nanowires from the Co3O4/NC-90-15 electrode sample. Reproduced with 
permission from ref [47]. Copyright 2018, American Chemical Society. 
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Figure 7.14 (a,b) SEM images of the Co3O4/NC-90-24 electrode in different magnifications. (c,d) 
TEM images of nanowires from the Co3O4/NC-90-24 sample at different magnifications. (e-h) High-
angle annular dark field scanning TEM (HAADF-STEM) and elemental mapping images of C, O, and 
Co for the Co3O4/NC-90-24 sample. Reproduced with permission from ref [47]. Copyright 2018, 
American Chemical Society. 
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Figure 7.15 N2 adsorption-desorption isotherms for Co3O4/NC-90-15, Co3O4/NC-90-24, and Co3O4 
samples. The corresponding pore size distribution curves of the Co3O4/NC-90-15, Co3O4/NC-90-24, 
and Co3O4 samples analyzed by the Barrett-Joyner-Halenda (BJH) method are shown as well. 
Reproduced with permission from ref [47]. Copyright 2018, American Chemical Society. 
 
In order to confirm the valence states, X-ray photoelectron spectroscopy (XPS) was carried out 
on the Co3O4/NC -90-15, Co3O4/NC -90-24 and Co3O4 samples. The full XPS spectra are shown in 
Figure 7.16a. C, O and Co elements were found in all samples. As indicated in Figure 7.16b-d, the 
Co3O4 material is composed of Co
3+ and Co2+ cations that generate significant splitting in the Co 2p 
peaks of the XPS spectrum. Hence, the Co 2p3/2 and Co 2p1/2 doublet can each be deconvoluted into 
779.6/795.0 and 781.3/796.8 eV, respectively, matching the reported positions of the Co3+/Co2+ cations. 
In Figure 7.16e-f, C 1s spectra in the Co3O4/NC -90-15 and Co3O4/NC -90-24 samples were 
deconvoluted into four peaks, which corresponded to sp2 graphite-like carbon structure, sp3 carbon, in 
addition to hydroxyl (C-OH), carbonyl (C=O), and carboxyl groups (COOH). The large component of 
sp2 carbon again demonstrates that graphite-like structures are prevalent, which is in agreement with 
the HRTEM results (Figure 7.11f). 
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Figure 7.16 (a) XPS full spectra of the Co3O4/NC-90-15, Co3O4/NC-90-24, and Co3O4 samples. (b-d) 
High resolution XPS spectra of Co 2p of (b) Co3O4/NC-90-15, (c) Co3O4/NC-90-24, and (d) Co3O4 
samples. (c,f) High resolution XPS spectra of C 1s of (e) Co3O4/NC-90-15 and (f) Co3O4/NC-90-24 
samples. Reproduced with permission from ref [47]. Copyright 2018, American Chemical Society. 
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The electrochemical performance of the cobalt oxide samples was examined with a three-
electrode system in 6 M KOH electrolyte solution as shown in Figures 7.17 and 7.18. Cyclic 
voltammetry (CV) measurements of Co3O4/NC-90-15, Co3O4/NC-90-24, and Co3O4 were measured 
within optimal potential window. Figure 7.17a shows the CV plots of three electrodes at a scan rate 
of 1 mV s-1. Strong redox peaks can be observed in all samples, but the Co3O4/NC-90-15 electrode 
registered the highest enclosed area in its CV curve. The galvanostatic charge-discharge measurement 
were also carried out to estimate capacitive performance. Figure 7.17b shows the corresponding 
galvanostatic charge-discharge curves of Co3O4/NC-90-15 as a function of the current density. The 
Co3O4/NC-90-15 electrode provided the highest areal capacitance of 1.22 F·cm
-2 at a current density 
of 0.5 mA·cm-2, and still retains 0.72 F·cm-2 at a current density of 20 mA·cm-2. Figure 7.17c further 
shows the current density dependence of the areal capacitance of all samples. Co3O4/NC-90-24 sample 
had a lower areal capacitance, likely due to its lower surface area and insufficient pore pathways caused 
by the collapse of needle-like morphology during thermal treatment. However, the Co3O4/NC-90-24 
electrode had a higher capacitance retention rate of ~70% than Co3O4/NC-90-15 (~60%), owing to its 
higher composition of carbon (~36.1 at.%) and the presence of sp2 graphite-like carbon structure which 
generates higher conductivity than other samples. For comparison, the Co3O4 array sample had the 
lowest areal capacitance due to its lower surface area and smaller conductivity. Even at the highest 
current density I tested (20 mA·cm-2), the areal capacitance of Co3O4/NC-90-15 is maintained at up to 
~ 60 % of that measured at 0.5 mA·cm-2, which is much larger than the capacitance of Co3O4 array 
sample tested at low current densities. This result indicates the advantages of the hybrid structure of 
Co3O4/NC-90-15. 
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Figure 7.17 (a) CV curves of the Co3O4/NC-90-15, Co3O4/NC-90-24 and Co3O4 samples at a scan rate 
of 1 mV·s-1. (b) The charge-discharge curves of the Co3O4/NC -90-15 sample at current densities 
ranging from 0.5 to 20 mA·cm-2. (c) The areal capacitance of the Co3O4/NC-90-15, Co3O4/NC-90-24, 
and Co3O4 samples at different current densities. (d) The Nyquist plots of the Co3O4/NC-90-15, 
Co3O4/NC-90-24, and Co3O4 samples (inset: high resolution Nyquist plots). Reproduced with 
permission from ref [47]. Copyright 2018, American Chemical Society. 
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Figure 7.18 Cyclic voltammetry (CV) and galvanostatic charge-discharge curves of (a-b) 
Co3O4/NC-90-15. The cyclic voltammetry (CV) of (c) Co3O4/NC-90-24 and (d) Co3O4 electrode 
samples with various scan rate respectively. Reproduced with permission from ref [47]. Copyright 
2018, American Chemical Society. 
 
The ion electron transport performance of the electrodes was measured by electrochemical 
impedance spectroscopy (EIS). In Figure 7.17d the x-intercept of the Nyquist plots represents the 
equivalent series resistance (ESR) of internal resistance. The slope of the Nyquist plots is known as 
the Warburg resistance, and it is a result of the frequency dependence of ion diffusion in the electrolyte 
to the electrode interface.40,41 The ESR and Warburg measurements of Co3O4/NC-90-24 were slightly 
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lower than for Co3O4/NC-90-15. This observation may be attributed to the higher composition of 
carbon in Co3O4/NC-90-24. Co3O4 sample had the highest resistance, likely due to higher contact 
resistance and lower charge transfer rate. The rate capability is affected by the conductivity 
performance in the entire electrochemical system, therefore this result is consistent with the trend of 
the areal capacitance plots as well. The cycling test of Co3O4/NC-90-15 was carried out at a scan rate 
of 40 mV·s-1 for 4000 cycles (Figure 7.19). The device performed as high as 98.2% after 4000 cycles, 
demonstrating an extraordinary cycling stability in alkali solution environment. Comparison of the 
electrochemical performance of the Co3O4/NC-90-15 electrodes with other literature reports is listed 
in Table 7.1. All Co3O4-decorated electrodes exhibited good capacitance. However, my Co3O4/NC 
hybrid electrodes have the best life cycling performance and retention while maintaining high areal 
capacitance. 
 
Figure 7.19 Cycling test of the Co3O4/NC-90-15 electrode measured by cyclic voltammetry for 
4000 cycles. The inset is the CV curves of 1st and the 4000th cycle. Reproduced with permission from 
ref [47]. Copyright 2018, American Chemical Society. 
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Table 7.1 Comparison of electrochemical performance of my sample with those in literature reports using 
three-electrode systems. Reproduced with permission from ref [47]. Copyright 2018, American Chemical 
Society. 
Sample name Current 
Density 
 
Areal 
Capacitance 
(F·cm--2) 
Cycling 
(%) 
Retention Electrolyt
e 
Refs 
Co3O4/NC-90-15 0.5 
mA·cm-2 
1.22 98.2% 
after 4000 
cycles 
~60% 
(0.5-20 
mA·cm-2) 
6 M 
KOH 
Present 
work 
Co3O4/C 1 
mA·cm-2 
1.32 78.3% 
After 5000 
cycles 
~80% 
(1-20 mA·cm-2) 
3 M 
KOH 
42 
Co3O4@MnO2 
array 
11.25  
mA·cm-2 
0.56 97.3% 
after 5000 
cycles 
~56% 
(4-44.7 
mA·cm-2) 
1 M 
LiOH 
43 
Co3O4/NiO core/ 
shell array 
2  
A·g-2 
1.35 95.1% 
after 6000 
cycles 
~85% 
(2-40 A·g-2) 
2 M 
KOH 
44 
Co3O4@RuO2  
arrays 
1 
mV·s-1 
1.18 - ~25% 
(1-200 mV·s-1) 
3 M 
KOH 
45 
ZnO@Co3O4  
electrode 
2 
mA·cm-2 
1.72 - 63.4% 
(2-20 mA·cm-2) 
2 M 
KOH 
46 
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7.4 Conclusion  
MOF-CVD was used to coat ZnO and Co(CO3)0.5(OH)·0.11H2O nanowire arrays with conformal films 
composed of ZIF-8 and ZIF-67 MOF without the use of organic solvents. To retain the high surface 
area morphology of the electrodes, the thickness of the MOF was controlled via reaction temperature 
and reaction time to generate core-shell ZnO@ZIF-8 and Co(CO3)0.5(OH)·0.11H2O @ZIF-67 
nanowires. Heating these samples transformed the MOFs into nanoporous carbon. Carbonizing ZIF-
67 is forms Co nanoparticles, which catalyze the growth of conductive sp2 graphite shell, while the 
Co(CO3)0.5(OH)·0.11H2O core transformed into Co3O4. Co3O4 has high theoretical capacitance while 
NC is conductive and has a large surface area, thus the Co3O4/NC hybrid electrodes exploit the 
advantages of both active materials in a supercapacitor electrode while the nanowire morphology 
ensures good mechanical adhesion and electrical connection to the current collector. The Co3O4/NC-
90-15 sample had an areal capacitance of 1.22 F·cm-2 at the current density of 0.5 mA·cm-2 and up to 
98.2% retention after 4000 cycles. Such an excellent electrochemical performance can be ascribed to: 
(i) the accessibility of available active sites, (ii) low resistance of entire configuration and (iii) great 
faradic reaction from the Co3O4 structure, and (iv) porous array electrode configuration which provides 
good mechanical adhesion and electrical connection to the current collector. I believe that the hybrid 
array structures are promising as advanced electrode materials for energy storage applications, and that 
additional hybrid MOF structures can be made to target different applications in catalysis and energy 
storage.
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8.1 Overview of the Achievements 
 Until now, various synthetic methods have been developed for the creation of nanoporous carbon 
with well controlled shapes and pore sizes. The electrochemical performance of nanoporous carbon 
mateirals depends strongly on the architecture of pore structure from microscale to macroscale 
dimensions. Metal-organic frameworks (MOFs) has been utilized as sacrificial precursors because they 
are composed of uniform networks metal and organic linkers that decompose into highly porous carbon 
and metal oxides according to the thermal condition. Therefore, the strategies of fabricating high 
energy density electrode materials are summarized as follows. 
8.1.1 Pore size selection toward the electrolytes’ ion size 
Mesoporous carbon with various porous structures has been prepared by using different 
synthesizing methods which can control the surface areas, pore-size distribution, and porous 
architectures. There are many reports that have studied the relationship of porosity and supercapacitor 
performance, however, there are no reports including various types of carbon samples. Therefore, in 
this chapter, I collected 13 porous carbon samples. Here I propose that there is a minimum pore size 
(so-called ‘critical pore size’) where guest molecules can effectively pass through. By careful 
investigation of specific surface area (SSA) and pore size distribution (PSD), I figured out that the SSA 
contributed from the pores larger than the critical size can efficiently contribute to the performance of 
capacity. My finding provides a new way for industrial application to speed up the testing and also a 
guidance for fabrication of new carbon materials. 
8.1.2 Hybrid material 
8.1.2.1 MOFs derived carbon as the substrate 
The improvement of the electrochemical performance of supercapacitors depands on the 
electrode design and the construction of energy system. The development of hybrid supercapacitor 
systems to overcome the energy density limitation that occurs in many carbon-based energy storage 
is important in recent years. In this chapter, a free standing NiCo2O4 nanosheets hybrid structure on 
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zeolitic imidazolate framework (ZIF-8) derived carbon was fabricated via a facile hydrothermal 
approach followed by thermal treatment in air. The practical strategy is to fabricate aqueous-based 
asymmetric supercapacitor device consisted with NiCo2O4/ZIF-8 hybrid carbon and ZIF-8 carbon. 
This asymmetric supercapacitor provides a optimized energy density of 27.9 W h kg-1 at the power 
density of 92.5 W kg-1. 
8.1.2.2 Bimetallic MOFs 
Bimetallic MOF has been proved to be a good candidate as a precursor for fabricating its 
derivatives by carefully controlling of synthetic condition. The bimetallic NiCo-MOF-74 has been 
demonstrated due to its catalytic effect, high porosity and high crystallinity. NiCo-MOF-74 has been 
converted into a series of hybrid materials consisting carbon, metal, and metal oxides. The direct 
carbonization of the bimetallic NiCo-MOF-74 particles at 800 oC under N2 atmosphere results in the 
formation of graphitic carbon/metal composites (termed NC-800). In contrast, the heat treatment of 
NiCo-MOF-74 in air at 350 oC (termed NC-350) yields metal/metal oxide composites (with a small 
trace of carbon) as the product. When evaluated as electrode materials for supercapacitors, NC-800 
and NC-350 exhibit high specific capacitances of 715 and 513 F g-1, respectively, at a high current 
density of 1 A g-1. Furthermore, these hybrid materials also show good cycling stability with no visible 
degradation in their specific capacitance after 2,500 cycles. The excellent electrochemical performance 
of these hybrid materials may be attributed to: (i) the synergistic effect of the graphitic carbon and 
binary mixed metals which can enhance the electrical conductivity of the composites, (ii) the presence 
of mesopores which can facilitate easy diffusion of electrolyte, and (iii) their large surface area and 
pore volume which can provide significantly more electroactive sites. The outstanding electrochemical 
properties of these MOF-derived hybrid materials indicate their promising potential as electrode 
materials for high-performance supercapacitors. 
 A new nanoarchitecture approach based on metal-organic frameworks (MOF) is reported that can 
achieve high electrochemical energy storage via utilizing both electric double-layer supercapacitive 
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and pseudocapacitive properties within a single nanoporous composite particle. Herein, a predesigned 
Co2+-excess bimetallic hybrid Co/Zn zeolitic imidazole framework was used to fabricate a composite 
containing N-doped nanoporous carbon with a rich carbon nanotube (CNT) content on particle surfaces 
without H2, with the carbon coexisting with Co nanoparticles (NPs) and Co3O4, through controlled 
carbonization at 800 °C and subsequent oxidation at 250−300°C, respectively. The optimized 
nanoporous carbon composites were obtained by tracking the formation of Co3O4 and destruction of 
N-doped nanoporous carbon (NPC) via detailed X-ray diffraction and X-ray photoelectron 
spectroscopy analysis. The resulting material showed a high surface area of ~202 m2·g-1 and included 
coexisiting micro- and mesoporous N-doped carbon, CNTs, Co NPs, and Co3O4 (15 nm in size) after 
a thermal oxidation process under air at 250°C for 5 hr. Surprisingly, the as-prepared MOF-derived 
nanoarchitecture exhibited superior electrochemical storage performance, with capacitance of 545 F·g-
1 within a wide potential window, achieving up to 320% enhanced capacitance compared to that of the 
pristine nanoporous carbon, which is higher than for most MOF-derived carbons reported so far. My 
strategic nanoarchitecture design for the MOF offers a new opportunity for future applications in high 
performance energy storage systems. 
8.1.3 Controls of morphology  
Metal organic frameworks (MOFs) can be used as a self-sacrifice template for generating its 
derivatives. A simple chemical approach to synthesize dense three-dimensional (3D) arrays of core-
shell ZnO@ZIF-8 and Co(CO3)0.5(OH)·0.11H2O@ZIF-67 nanowires on a conductive carbon cloth is 
demonstrated. Annealing the core-shell structures at high temperatures converted the MOF shell into 
conductive metal oxides/nanoporous carbon (NC) composites. The conformal nature of the MOF-
coating process generates a NC film with continuous conductive paths from the outer surfaces of the 
nanowires down to the flexible carbon electrode. Co3O4 is a faradic metal oxide with a high theoretical 
capacitance, and ZIF-67 is known to transform into conductive sp2 type carbon, so the Co3O4/NC 
hybrid heterostructure array was an ideal candidate material for use in an electrochemical 
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supercapacitor device. The Co3O4/NC hybrid electrodes had good performance and exhibited a high 
areal capacitance of 1.22 F·cm-2 at 0.5 mA·cm-2. Conformal deposition of MOFs via the chemical 
vapor method offers a promising new platform to design conductive, ultra-high surface area electrodes 
that preserve the 3D morphology of transition metal oxide templates for applications spanning 
supercapacitors to electrocatalysis. 
 
8.2 Future Perspective 
 Supercapacitors are one of the promising energy storage devices with high power density and fast 
charge/discharge rates. The technological trends nowadays towards miniaturization of energy storage 
devices are accelerating. The demands for high-performance portable microelectronics and small-scale 
energy storage units are increasing significantly. Therefore, miniaturization of supercapacitors to the 
microscopic level has attracted enormous interest as a promising device to solve the requirement for 
higher energy harvesting. Recent advances have been made for patterning of the complex architecture 
of interdigitated 2D (two-dimensional) microscale energy storage devices or semi-3D devices. 
However, fabrication of 3D microscale devices is still at the infant stage and requires immediate 
attention. 
The first generation of micro-supercapacitors were fabricated as a 2D planar architecture of thin 
film micro-batteries.1 A variation of the 2D architecture is a design in which each electrode of the 
device consists of several microelectrodes arranged on a substrate, which is shown as Figure 8.1. For 
the view of massive production, this simple 2D design is preferable in the portable electronic devices. 
However, the planar 2D electrodes are limited to the energy density because they are not capable of 
storing large amount of energy. Furthermore, increasing the amounts of electrode materials is not 
viable because they will hinder the electron and ion transport abilities, leading to a reduction of the 
power density of the device. 
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Figure 8.1 Schematic diagrams of on-chip micro-supercapacitors with in-plane interdigital electrode 
architecture.1 Copyright (2017) Macmillan Publishers Limited, part of Springer Nature. 
The performance of micro-supercapacitors is strongly affected by the intrinsic property of the 
electrode materials and the design of the electrode pattern as well. Effective surface area and pore 
size matching with the ion size of electrolyte are also important parameter for enhancing micro-
supercapacitor’s energy density and power density. Various micro-fabrication technologies such as 
spray deposition, chemical vapor deposition (CVD), laser writing, ink-jet printing, 
electrochemical/electrophoretic deposition, sputtering and conventional lithography are used for the 
fabrication of micro-supercapacitors.2-7  
From a material perspective, one dimensional (1D) nanostructured materials based on nanowires 
have attracted a great deal of attention in the field of micro-supercapacitors. In recent years, several 
systems have already been reported using this principle for example ZnO, Co3O4 nanowires or silicon 
nanowires.2 Metal–organic frameworks (MOFs), as a novel class of porous materials with attractive 
properties, have been utilized as alternative precursors for synthesizing nanostructured materials. 
MOFs are crystalline sponge-like materials that are constructed by connecting metal sites with organic 
linkers. They are possible to fabricate with controllable particle size and morphology under various 
conditions. Inspired by their high surface areas and large pore volumes, several MOFs have been 
widely used as cutting-edge precursors for nanoporous carbons, which can be beneficial for 
supercapacitor electrode applications. Among all the preparation methods, an efficient approach is 
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using Zn-based MOFs (e.g., ZIF-8) to prepare nanoporous carbon materials due to its high surface area. 
Compared to traditional activated carbon or graphene oxide used in energy storage, ZIF-8 derived 
carbon possesses controllable pore size and extremely high surface area. ZIF-8 can be self-template to 
fabricate metal oxides nanostructures as they can provide Zn2+ through sacrificing itself and then 
initiate the growth of MOFs without any surface modification. As I know, ZnO possesses the richest 
morphologies at nanoscale (e.g., nanorods, nanobelts, nanotetrapods, nanorings, nanocombs and 
nanopyramids) among metal oxides. In this regard, ZIF-8 is regarded as the most suitable template to 
develop the metal oxide/MOF array structure. Therefore, ZIF-8 carbon is considered as an appropriate 
candidate for the micro-supercapacitor electrode material. 
The requirement for micro-supercapacitors has necessitated the miniaturization of a variety of 
technologies, but the limitation due to low energy density have lagged behind in this trend. In spite 
of their low energy density, micro-supercapacitors possess better power density and cycle life than 
micro-batteries. Their development is still challenging to obtain efficient miniaturized energy-storage 
components for electronic portable devices. There are lots of technological fabrication methods to 
produce micro-supercapacitor in order to increase the areal energy though 3D electrode architecture. 
On the other hand, it is said that one-dimensional array nanowire structure is promising for energy 
storage application because its special architecture will let the ions of electrolytes effectively pass 
through. Prof. Yamauchi’s research group is specialized in the synthesis of porous material. Hence, 
this work aims to develop the suitable porous material combining the methods used to synthesize 
nanostructured materials and fabricate micro-device. The purpose and objective to build a micro-
supercapacitor in this section is described as follows.  
(1) Enhance the resolution and reduce the size of micro-supercapacitors with the objective to push 
the monolithic integration and the realization of smart multifunctional autonomous system-on-a-
chip even further. 
(2) Develop high surface area porous carbons that can be applied in the 2D mciro-supercapcitor 
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with lower weight. 
(3) Fabricate the porous carbon with controlled conformal nature through unique chemical vapor 
process. 
(4) Increase the energy density and power density of the 2D micro-supercapacitor. 
The proposed plan can be categorized into two stages: 
1st stage: CVD process of growing MOFs on-chip 
Based on previous PhD research, zeolitic imidazolate framework-8 (ZIF-8) derived porous carbon 
shows excellent EDLC capacitance. In addition, it is reported that aligned one-dimensional (1D) 
nanowires array electrodes are promising because their great progress in the design of 
additive/binder-free electrode architectures to avoid the “dead surface” in traditional slurry derived 
electrode and allow for more efficient charge and mass exchange. However, it is challenging to 
control 1D nanowires array morphology during the fabrication of micro-supercapacitor. In addition, 
the growth of MOFs usually involve the aid of solvent which may damage the written pattern of the 
micro-device. Therefore, I plan to develop solvent-free on-chip process to fabricate ZIF-8 arrays. As 
illustrated in Figure 8.2, after growing ZnO array, I plan to use chemical vapor process (CVD) to 
grow the ZIF-8 layer. In this stage, CVD process condition should be investigated. Typically the 
boiling point of 2-methylimidazole is 270 oC. Thus when ZnO arrays are put at the atmosphere of 2-
methylimidazole vapor, the ZIF-8 is expected to grow. Finally, the nanoporous carbon arrays can be 
obtained by calcining ZIF-8 arrays. 
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Figure 8.2 Schematic diagrams of fabrication of ZIF-8 array.8 Copyright (2017) Elsevier Inc. 
 
2nd stage: Fabrication of nanoporous carbon micro-supercapacitor 
Besides the selection of electrode material, the fabrication process of micro-supercapacitor is also 
challenging because the substrate is required to bear the high temperature and possess the high 
electrical conductivity at the same time. Hence, a new design of ZIF-8 derived nanoporous carbon 
1D nanostructure arrays is proposed in order to overcome several problems. The steps of the 
fabrication is described as follows, which is illustrated as Figure 3. 
(1) The Pt film is deposited to increase the electrical conductivity. 
(2) A thin film of TiO2 (~5 nm) is deposited to enhance the adhesion between ZnO and platinum 
film in the next step.3 
(3) ZnO is sputtered on the chip. 
(4) The pattern is imprinted by lithography process. 
(5) ZnO array is grown by electrochemical deposition process.4 
(6) ZnO is converted to ZIF-8 by the chemical vapor process by exposure in the vapor atmosphere 
of 2-methylimidazole. 
(7) The porous carbon is carbonized in N2 atmosphere. 
 
 
Chapter 8 
194 
 
 
Figure 8.3. The fabrication process of ZIF-8 derived carbon micro-supercapacitor. 
 
Through the fabrication process of on-chip ZIF-8 derived nanoporous carbon arrays electrode, 
the high energy density micro-supercapacitor could be expected. The process not only involves novel 
chemical vapor method but also establishes a new methodology for micro-supercapacitor fabrication. 
The expected results and impacts are listed as follows. 
(1) The process of growing controlled ZIF-8 derived nanorod carbon provides a new method for 
on-chip MOFs material fabrication. 
(2) ZIF-8 derived nanorod carbon provides active sites for ions to pass through because of its 
unique morphology. 
(3) Fabrication of micro-supercapacitor with areal 3D characteristics provides higher flexibility and 
energy density. 
(4) The novel architectural design based on ZIF-8 derived carbon electrodes opens an easier 
fabrication and integration of the devices as well as their improved performance due to the 
decreased ion transport resistance and also increased accessibility of the electrodes.  
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